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(Detachable  Summary) 


UPGRADING  OF  EXISTING  STRUCTURES 
PRASE  II 

The  following  Is  a  summary  to  date  of  the  work  conducted  and  the  re¬ 
sults  obtained  In  the  area  of  blast  upgrading  of  existing  structures.  The 
data  obtained  in  this  investigation  will  be  used  in  the  development  of  a 
shelter  manual  presenting  the  various  upgrading  concepts  in  an  illustrative 
workbook  form  for  use  in  the  field. 

The  investigation  of  the  blast  upgrading  of  existing  structures  basi¬ 
cally  consisted  of  developing  failure  prediction  methodologies  for  various 
structure  types,  both  in  "as  built"  and  in  upgraded  configurations,  and 
verifying  these  prediction  techniques  with  full-scale  load  tests.  The 
analysis  and  prediction  techniques  were  applied  to  wood,  steel,  and  con¬ 
crete  roof  and  floor  systems  that  had  been  loaded  statically,  dynamically, 
and  in  combination.  The  prediction  methodology  is  founded  on  engineering 
mechanics,  limit  theory,  and  a  statistical  approach  to  failure  analysis 
that  enable  realistic  assessment  to  be  made  of  failure  probabilities 
based  on  the  combined  effects  of  statistical  variation  in  materials,  struc¬ 
tural  elements,  and  construction  processes. 

To  date.  Scientific  Service,  Inc.,  has  conducted  load  tests  to  failure  on 
thirteen  wood  joist  floors,  three  one-way  reinforced  concrete  floors,  and 
four  open-web  steel  joist  floors  with  metal  deck  and  structural  concrete 
topping.  Each  type  of  construction  tested  included  a  minimum  of  one  base 
case  test;  that  is,  "as  built"  without  any  upgrading.  The  additional 
tests  in  each  group  incorporated  various  upgrading  schemes  appropriate  to 
the  construction  type. 


Included  in  the  wood  joist  floor  tests  were  floors  upgraded  by  single 
and  double  shoring,  flange,  boxed  beam,  and  king  post  truss  upgrading  methods. 
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Upgraded  concrete  floors  tested  were  single  and  double  shored.  The  open- 
web  steel  joist  floor  tests  were  also  conducted  with  single  and  double 
shores;  however,  the  shoring  was  Installed  using  a  stress  control  concept. 

A  stress  control  shoring  concept  is  a  flexible  type  of  shoring  system, 
which  enables  the  stresses  to  be  controlled  in  the  various  portions  of  the 
structure  such  that  each  structural  member  can  achieve  its  maximum  capa¬ 
bility.  Each  of  the  above  tests  was  evaluated  with  respect  to  its  predict¬ 
ed  failure  and  the  actual  results,  and  the  analysis  to  date  indicates 
significant  correlation. 

A  preliminary  survival  matrix  for  floors  is  presented  in  Table  1. 

This  matrix  indicates  the  overpressure,  in  psi ,  at  which  95%  of  the  floor 
systems  are  better  than  the  rating  provided;  i.e.,  it  has  been  assumed  that 
a  5%  probability  of  collapse  is  an  acceptable  risk  level.  The  test  values 
obtained  from  this  investigation  are  entered  on  the  matrix  in  (italics). 

The  survival  overpressures  indicated  for  the  various  types  of  construc¬ 
tions  were  determined  by  assuming  the  dead  loads  (load  of  structure  itself) 
and  increasing  the  design  live  loads  by  the  safety  factors  required  for 
the  design,  as  outlined  in  the  applicable  codes,  for  the  particular  con¬ 
struction  considered.  The  "as  built"  survival  overpressure  considers  the 
floor  "as  is"  with  no  superimposed  live  loads,  but  with  all  safety  factors 
removed. 

The  basic  construction  type  groups  are  further  divided  into  categories 
of  light,  medium,  and  heavy.  These  categories  are  based  on  the  allowable 


live  loads  for  types  of  occupancy,  as  specified  in  the  building  codes,  and 

are  defined  as  follows: 

Light 

40  to  60  psf 

Medium 

80  to  125  psf 

Heavy 

150  to  250  psf 

Although  the  overpressure  values  indicated  do  not  consider  any  super¬ 
imposed  live  loads,  it  is  assumed  that  some  radiation  protection  would  be 
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TABLE  1:  PRELIMINARY  SURVIVAL  MATRIX  FOR  FLOORS 

Overpressure  at  Which  95%  of  Floors  Will  Survive 
"As  Built"  and  With  Various  Types  of  Shoring.  All  values  in  psi. 


Shoring  Required 


i ype  ui  nuur 

Construction 
and  Dead  Load 

As 

Built 

Mid- 

Span 

1/3 

Span 

1/4 

Span 

King- 

Post 

Truss 

Flange 

Boxed 

Beam 

wooo  - 

Light  - 

D.L.  =  20  psf 

Joist,  Glulam* 

+ 

(0.4) 

4.5 

(6.8) 

11.4 

(9.2) 

— 

2.4 

(2.6) 

1.7 

(1.7) 

1.7 

(2.2P* 

Medium  - 

Joist,  Glulam 

1.5 

9.2 

21.9 

— 

5.3 

4.0 

4.0 

Heavy  - 

Plank 

3.8 

18.4 

42.7 

— 

11.1 

— 

— 

STEEL,  LIGHT  -  D.L.  =  30  psf 

Light  - 

Open-Web  Joist 

t 

0.6 

2.1 

— 

1.0 

— 

— 

Medium  - 

■  Open-Web  Joist 

0.5 

(0.6) 

1.8 

(3.6) 

4.5 

(7.5) 

2.5 

** 

STEEL,  HEAVY  -  D.L.  =  80  psf 

Light  - 

Beam  and  Slab 

0.2 

3.1 

7.9 

— 

— 

— 

— 

Medium  - 

Beam  and  Slab 

0.9 

5.6 

13.4 

24.3 

— 

— 

— 

Heavy  - 

Beam  and  Slab 

2.0 

10.3 

24.0 

43.2 

CONCRETE 

-  D.L.  =  100  psf 

Light  - 

Double  Tee,  One-Way 
Joist,  Hollow  Core 

0.7 

4.9 

11.8 

— 

— 

— 

— 

Light  - 

Flat  Slab,  Flat  Plate 

1.0 

5.2 

12.2 

21.9 

— 

— 

— 

Light  - 

Waffle  Slab 

0.7 

4.9 

11.8 

21.5 

— 

— 

Medl urn  - 

Double  Tee,  One-Way 
Joist,  Hollow  Core 

1.4 

7.6 

18.0 

— 

— 

— 

— 

Medium- 

Flat  Slab,  Flat 

Plate 

1.7 

8.0 

18.4 

33.0 

— 

— 

— 

Medium  - 

Waffle  Slab 

1.4 

7.6 

18.0 

32.6 

— 

— 

Heavy  - 

Double  Tee,  One-Way 
Joist,  Hollow  Core 

3.0 

13.4 

30.7 

— 

— 

— 

— 

Heavy  - 

Flat  Slab,  Flat 

Plate 

3.1 

(5.6) 

13.5 

(17.4) 

30.9 

(35.9) 

55.2 

— 

— 

** 

Heavy  - 

Waffle  Slab 

3.0 

13.4 

30.7 

55.0 

— 

— 

— ■ 

Note 


:  Overpressure  values  assume  radiation  protection  equal  to  a  Pf  of  100  (18  in.  of 
earth  or  equivalent)  superimposed  on  floor.  Assumed  densityTof  earth  =  100  pcf. 


*  Glulam  not  tested. 


density 

t  -  Required  radiation  protection  (P- 
would  cause  floor  to  collapse  T 


100) 


**  Figures  In  (italics)  are  tested  values  reduced  for  the  radiation  protection. 
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required.  Accordingly,  the  survival  overpressures  included  the  fallout 
radiation  protection  necessary  to  achieve  a  protection  factor  (P^)  of  100; 
i.e.,  18  inches  of  earth  (assumed  density  =  100  pcf)  or  other  materials  of 
comparable  density.  The  weight  of  this  radiation  protection  has  been  de¬ 
ducted  from  the  survival  overpressure  when  the  floor  is  in  both  the  shored 
and  the  "as  built"  configurations.  The  test  values  ( italics )  have  also 
been  reduced  for  comparison  purposes  to  include  this  radiation  protection. 

The  midspan,  one-third  span,  and  one-quarter  span  shoring  may  be  lines 
of  shoring,  such  as  posts  and  beams  or  stud  walls,  placed  transverse  to 
one-way  structural  systems  (open-web  joists,  double  tees,  etc.),  or  it  may 
be  post  shores,  located  symmetrically  under  two-way  structural  systems 
(flat  slabs,  waffle  slab.,  etc.).  The  king  post  truss  shoring  consists 
basically  of  cables  or  rods  secured  parallel  to  joists  or  beams  and  ten¬ 
sioned  to  form  a  king  post  truss  configuration.  The  flange  system  con¬ 
sists  of  attaching  bottom  flanges  to  wood  joists,  while  the  boxed  beam 
system  involves  "boxing"  in  the  entire  ceiling  system  (wood  joists)  by 
attaching  a  plywood  diaphragm,  secured  to  the  joists,  under  the  entire 
ceiling. 

The  methodology  developed  in  the  above  and  in  future  programs  promises 
to  provide  a  potent  analytical  tool  for  quantitative  assessment  of  failure 
loads  before  and  after  upgrading. 
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Section  1 
INTRODUCTION 


BACKGROUND 

Civil  Defense  planning  in  the  United  States  is  currently  based  on  a 
policy  termed  "Crisis  Relocation."  This  policy  presumes  that  a  period  of 
crisis  buildup  in  the  world  —  similar  to  the  Cuban  and  Iranian  crises  — 
will  precede  any  future  major  war.  This  period  of  crisis  would  allow 
time  -  a  few  days  or  weeks  —  to  complete  a  number  of  activities  to  pro¬ 
tect  the  civilian  population  and  industry  from  attack.  These  activities 
include: 

(1)  Evacuation  of  the  major  portion  of  the  population  to 
low-risk  areas  where  only  fallout  and  possibly  low-level 
blast  protection  would  be  required; 

(2)  Protection  of  a  small  contingent  of  key  workers  who  would 
remain  behind  to  maintain  vital  services  —  communications, 
fire  protection,  etc.;  and 

(3)  The  hardening  and  protection  of  industry. 

This  establishes  three  zones  of  interest  with  regard  to  combined 
weapons  effects,  as  noted  in  Figure  1-1.  These  are:  the  key  worker 
area  (Class  I  shelter  rating),  where  protection  from  blast  overpressures 
greater  than  30  psi ,  initial  radiation,  fire,  and  heavy  fallout  will  be 
required;  the  risk  area  (Classes  II  -  V  shelter  ratings),  which  will 
most  likely  be  evacuated,  but  will  contain  most  of  the  industry  requir¬ 
ing  protection;  and  the  host  area  (Class  VI  shelter  rating),  which  will 
contain  the  evacuated  population  that  must  be  protected  from  low-level 
blast  (2  psi  or  less)  and  fallout.  This  suggests  the  necessity  for 
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Fig.  1-1.  Comparison  of  Overpressure  and  Shelter  Rating  Required. 


not  only  determining  the  as-built  failure  strength  of  structural  systems 
but  also  developing  a  range  of  upgrading  techniques  covering  the  various 
classes  of  sheltering  required. 


Scientific  Service,  Inc.,  is  conducting  three  interrelated  programs 
in  support  of  crisis  relocation  planning.  These  programs,  which  are 
sponsored  by  the  Federal  Emergency  Management  Agency  (formerly  the  Defense 
Civil  Preparedness  Agency),  include:  The  development  and  testing  of  an 
Industrial  Hardening  Manual  (Work  Unit  1124D);  the  development  of  a  Shel¬ 
ter  Manual  for  Key  Worker  and  Host  Areas  (Work  Unit  1127H);  and  this  pro¬ 
gram  entitled  Upgrading  of  Existing  Structures  (Work  Unit  11276). 

The  primary  objective  of  this  program  is  to  develop  upgrading  schemes 
for  input  to  the  two  manuals.  The  approach  is  to  make  use  of  analytical 
work  and  the  results  of  standard  or  specially  designed  static  tests  to 
predict  dynamic  behavior  and  develop  failure  criteria.  Using  this  approach 
it  has  been  possible  to  conduct  a  relatively  small  number  of  tests  and 
use  the  results  to  predict  the  failure  strength  of  a  wide  variety  of 
structural  types,  both  as-built  and  upgraded. 

It  should  be  noted  that,  while  the  emphasis  in  these  programs  has  been 
directed  to  nuclear  blast  problems,  the  results  and  knowledge  gained  have 
and  will  become  even  more  valuable  to  the  problem  of  designing  buildings 
to  resist  the  forces  of  natural  phenomena  such  as  earthquakes,  hurricanes, 
and  tornadoes. 

REPORT  ORGANIZATION 

This  report  presents  the  results  of  Phase  II  of  a  program  to  develop 
criteria  for  upgrading  of  existing  structures.  The  Phase  I  report  (Ref.  1) 
contains  much  of  the  backup  material  and  preliminary  test  data  necessary 
to  the  understanding  of  the  results  of  the  program  conducted  this  year. 

To  prevent  the  necessity  of  undue  reference  to  the  Phase  I  report,  much 
of  that  material  has  been  condensed  and  included  in  this  report. 


The  remainder  of  this  report  is  organized  as  follows: 


Section  2 

Section  3 

Section  4 

Section  5 

Section  6 
Appendix  A 
Appendix  B 
Appendix  C 
Appendix  0 


—  Open- Web  Steel  Joists 

—  Concrete  Floor  Tests 

—  Wood  F loor  Tests 

-  Summary 

-  References 

—  Wood  Design 

-  Small-Scale  Drop  Test  Program 

—  Arching  in  Soils 

—  Resistance  Characteristics  of  Existing  Slab  Structures 


1-4 


Section  2 

OPEN-WEB  STEEL  JOISTS 


INTRODUCTION 

The  emphasis  in  this  program  has  been  concentrated  on  predicting  the 
behavior  of  upgrading  techniques  for  floor  and  roof  systems  constructed 
with  open-web  steel  joists.  This  type  of  construction  is  economical  and 
widely  used  for  roofs  and  light  and  medium  loaded  (up  to  125  psf)  floors 
where  the  clear  spans  are  short  or  intermediate  in  length.  The  predictions 
formulated  in  this  program  are  based  on  conventional  truss  analysis,  and 
are  validated  by  laboratory  tests  and  data  from  other  sources,  such  as 
the  Waterways  Experiment  Station  (Ref.  2).  By  using  the  approach  of  al¬ 
ternating  laboratory  tests  with  data  review  and  prediction  analysis,  and 
then  modifying  the  subsequent  laboratory  test  to  take  advantage  of  the 
previous  analysis,  it  will  be  possible  to  predict  the  behavior  of  the 
majority  of  these  system  types  with  a  minimum  of  future  full-scale  test¬ 
ing.  Three  tests  were  conducted  during  this  year’s  effort,  and  it  is 
anticipated  that  one  or  two  more  will  be  required  next  year. 

Open-web  steel  joists  basically  consist  of  top  and  bottom  chords 
made  up  of  either  two  light  angles,  two  bars,  or  a  tee,  and  web  members 
made  from  a  continuous  round  bar  bent  back  and  forth  between  the  chords 
(to  form  the  diagonals)  and  welded  to  the  chords.  The  joists  used  in  this 
program  were  type  I8H8  (Ref.  3)  and  consisted  of  two  back-to-back  angles 
forming  each  chord  (see  Figure  2-1). 

Under  normal  service  conditions,  the  top  chords  of  open-web  steel 
joists  are  subjected  to  axial  compression  and  are  restrained  laterally 
by  the  floor  slab  or  roof  deck  above.  The  bottom  chords  are  subjected 
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to  axial  tension.  The  web  members  develop  both  tension  and  compression, 
with  compression  being  the  most  critical  because  of  the  slenderness  of  the 
member.  The  mode  of  failure  for  a  given  joist  is  a  function  of  the  span 
and  loading. 

One  effective  method  of  upgrading  open-web  steel  joists  is  shoring. 
However,  since  the  joist  webs  are  designed  to  carry  specific  types  of 
loads  (compression  or  tension),  a  normal  shoring  configuration  -  i.e.,  the 
shores  rigid  against  the  bottom  of  the  joists  -  results  in  a  reversal  of 
the  intended  stresses  at  the  point  of  shore  support  and  causes  premature 
failure.  This  failure  occurs  when  chord  members  designed  for  tension  are 
subjected  to  compression,  thereby  causing  buckling.  In  order  to  avoid 
this  stress  reversal,  a  method  known  as  "stress  control"  is  utilized  in 
the  shoring  system.  Using  this  approach,  the  stresses  can  be  controlled 
in  the  various  portions  of  the  structure  such  that  each  portion  of  the 
structure  can  achieve  near  its  maximum  capability,  and  the  system's  load¬ 
carrying  capacity  is  increased.  In  Ref.  1  it  was  shown  that,  by  using 
shores  or  supports  with  a  gap,  the  stresses  in  the  members  can  indeed  be 
controlled.  For  example,  by  allowing  the  proper  gap,  the  lower  chord  can 
be  prevented  from  going  into  compression.  This  is  very  desirable  in  a 
structure  such  as  a  roof  or  floor  system  supported  by  joists,  as  the  lower 
chords  usually  have  a  minimum  of  lateral  bracing. 

MODEL  SELECTION 

The  18H8  joist  was  chosen  for  this  program  because  of  its  common  use 
in  construction.  Although  this  use  extends  to  several  lengths,  a  20-foot 
span  was  chosen  so  that  only  one  row  of  bridging  would  be  required  in  order 
to  be  consistent  with  Steel  Joist  Institute  recommendations.  Accordingly, 
the  selected  joist  and  span  combination  represents  an  upper  bound  for  maxi¬ 
mum  unbraced  length,  and  a  lower  bound  for  the  compressive  strength. 
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MODEL  ANALYSIS 


The  analysis  used  to  predict  the  performance  of  open-web  steel  joists 
was  based  on  the  following  assumptions: 

1)  All  compression  members  analyzed  have  pinned  connections 
at  each  end;  i.e.,  the  effective  unbraced  length  is  equal 
to  the  actual  unbraced  length. 

2)  Calculated  safe  loads  in  Table  2-1  are  the  loads  at  which 

an  allowable  stress  was  reached  in  any  of  the  joist  members. 
Additionally,  the  calculated  safe  load  in  the  shored  config¬ 
uration  was  determined  at  a  specified  deflection  consistent 
with  the  stress  control  gap. 

Two  cases  were  analyzed.  In  Case  Mo.  1  the  joists  are  simply  sup¬ 
ported,  and  in  Case  No.  2  the  joists  are  simply  supported  with  a  single 
shore  located  at  midspan.  Figure  2-2  indicates  the  maximum  allowable 
compressive  stress  for  each  member.  The  buckling  load  for  the  top  chord 
members  was  assumed  to  be  lateral  buckling  of  the  length  between  webs. 

For  the  bottom  chord,  lateral  buckling  of  the  entire  unbraced  length  con¬ 
trolled  —  in  this  case,  one  half  the  length  of  the  bottom  chord  since  it 
is  laterally  braced  at  midspan.  These  values  are  code  allowables*  and 
the  ultimate  strength  is  defined  as  1.8  times  the  allowable  (Ref.  2). 

The  allowable  compressive  stresses  given  for  the  bottom  chord  members 
are  based  on  a  K?/r  ratio  of  233,  where  K  is  the  effective  length  factor** 
(K  =  2.10  in  this  case),  i  is  the  unbraced  length  (;  s  98  in.),  and  r  is 
the  radius  of  gyration  of  the  lower  chord  about  the  vertical  axis  (r  = 
0.883  in.).  The  web  members  were  analyzed  using  a  K  factor  of  1.0. 


*  AISC  pg  5-17,  Section  1.5. 1.3. 2  (Ref.  3). 

**  AISC  pg  5-138,  Table  C  1.8.1,  Fig.  (e)  (Ref.  3). 
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Case  No.  1  —  Simply  supported  attends 

Figure  2-3  shews  the  member  stresses  in  the  joist  with  its  calculated 
safe  load  of  441  plf  applied.  In  all  cases,  web  buckling  controls. 

Case  No.  2  —  Simply  supported  a t  the  ends  and  shored  at  midspan 

Three  shoring  conditions  were  considered,  all  with  the  shores  at 
midspan,  but  with  varying  amounts  of  deflection  permitted: 

Case  No.  2  Rigid  shore  (no  deflection  permitted) 

Case  No.  2a  Shore  allowing  1/8  in.  deflection. 

Case  No.  2b  -  Shore  allowing  1/4  in.  deflection. 


The  member  stresses  for  Case  No.  2,  the  rigid  shore,  are  shown  in 
Figure  2-4.  The  analysis  indicates  that  a  web  member  buckles  initially 
near  midspan,  and  that  the  lower  chord  member  at  midspan  is  approaching 
failure.  Case  No.  2a,  with  an  allowable  1/8-in.  deflection  at  the  shore 
and  an  increase  in  applied  load,  indicates  the  lower  chord  remains  in  ten¬ 
sion  throughout  its  length  (see  Figure  2-5).  In  Case  No.  2b  additional 
load  is  applied  and  a  deflection  of  1/4  in.  at  the  shore  is  allowed.  Again, 
the  lower  chord  remains  in  tension  throughout  its  length  (Figure  2-6). 

Table  2-1  tabulates  the  analysis  for  each  case,  indicating  the  cal¬ 
culated  safe  and  ultimate  loads,  the  predicted  type  of  failure,  and  the 
percent  increase  in  load  carrying  capacity  over  the  base  case  (no  shoring). 
The  ulitmate  load  was  taken  as  1.8  times  the  allowable  since  the  modes  of 
failure  are  predicted  as  buckling.  Also  included  in  the  table  are  Cases 
No.  3,  3a,  and  3b  —  shores  at  third  points. 

A  review  of  the  data  in  Table  2-1  would  indicate  that  there  exists 
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Fig.  2-5.  Case  No.  2A:  Analysis  of  20-ft  18H8,  Open-Web  Joist  with  Mid¬ 
point  Shore  —  1/8-in.  Gap  (W  =  615  plf). 
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an  upper  bound  for  the  permitted  gap;  i.e.,  the  deflection  permitted  prior 
to  shoring.  Beyond  this  point  the  stress  control  approach  is  no  longer 
as  effective,  and  with  larger  permitted  deflections,  the  predicted  fail¬ 
ure  approaches  the  base  case,  or  the  unshored  condition.  This  is  simply 
a  case  of  the  joist's  failing  before  it  can  deflect  enough  to  take  advan¬ 
tage  of  the  shores.  A  leveling  out  of  the  effect  of  stress  control  may 
be  seen  in  Cases  No.  3a  and  3b  (Table  2-1).  It  is  important  that  this 
upper  bound  gap  be  determined  for  each  shoring  condition,  and  we  intend 
to  include  this  as  part  of  next  year’s  program. 

DESCRIPTION  OF  TEST  SAMPLE 

The  remainder  of  this  section  presents  the  construction  details,  test 
geometry,  data  plots,  and  results  of  tests  on  composite  decks  consisting 
of  open-web  steel  joists,  supporting  metal  deck,  and  topped  with  structural 
concrete.  The  composite  floor  system  used  for  these  tests  was  selected 
as  being  a  representative  sample  of  commercially  produced  decks  in  the 
United  States.  Since  the  stress  control  approach  affects  the  joist  per¬ 
formance  only,  joist  spacing  modifications  were  made  to  facilitate  testing. 

The  test  assemblies  had  an  overall  dimension  of  6  ft  by  20  ft,  and 
consisted  of  three  open-web  steel  joists  (18H8),  spaced  2  ft  on  center, 
supporting  VERCO,  Type  8-30,  F0RML0K®,  \\  in.  deep,  22-gauge  fluted 
metal  deck  with  a  3^-in.  maximum  depth  concrete  topping.  The  concrete 
topping  was  2  in.  in  depth  above  the  flutes  and  was  reinforced  with  6  x  6 
W1.4  x  W1.4  welded  wire  fabric.  The  concrete  strength  exceeded  4,000  psi 
at  28  days.  The  metal  deck  was  attached  to  the  joists  with  plug  welds, 
in  accordance  with  the  manufacturer's  recommendations. 

Photographs  of  the  test  assemblies  under  construction  are  shown  in 
Figures  2-7  and  2-8,  and  details  are  shown  in  Figure  2-9. 

Three  tests  were  conducted  using  this  design.  Test  No.  1,  or  the  base 
case,  was  conducted  without  any  shoring  or  upgrading  modification  and 
was  not  loaded  to  failure.  Test  No.  2  was  conducted  on  the  same  assembly. 
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Fig.  2-7.  Test  Assembly  Under  Construction. 


which  was  upgraded  by  shoring  at  midspan  with  a  1/4-in.  stress  control 
gap  between  the  top  of  the  shores  and  the  joists.  For  Test  No.  3  the 
assembly  was  upgraded  by  shoring  at  the  third  points  with  a  1/4-in.  gap 
between  the  top  of  the  shores  and  the  joists.  This  test  was  conducted  at 
the  end  of  the  program,  and  the  only  preliminary  data  available  are  the 
failure  load  of  3595  plf  per  joist. 

Test  No.  1 

Loading  to  the  test  specimen  was  applied  by  hydraulic  rams  at  eight 
locations,  spaced  equally  along  the  length  of  the  test  sample  in  order  to 
simulate,  as  closely  as  possible,  uniform  loading.  The  load  configuration 
is  shown  in  Figure  2-10. 

The  load  was  applied  at  a  slow  rate  in  2,500  lb/ram  increments  with 
deflection  and  strain  data  recorded  at  each  load  increment.  The  test  was 
terminated  when  the  load  reached  1.35  times  the  calculated  safe  load  of 
441  plf  per  joist,  or  59b  plf.  Since  this  assembly  was  to  be  used  in 
Test  No.  2,  it  was  decided  not  to  load  beyond  that  point,  in  order  to  pre¬ 
serve  the  integrity  of  the  assembly.  The  ultimate  load  was  predicted  to 
be  794  plf,  or  1.8  times  the  safe  load  (  see  Table  2-1).  A  plot 
of  the  load  per  joist  vs  midspan  deflection  for  Test  No.  1  is  shown  in 
Figure  2-11.  Also  on  Figure  2-11  is  the  predicted  curve  up  to  the  safe 
load  of  441  plf.  A  review  of  these  data  indicates  that  the  actual  test 
assembly  was  somewhat  stiffer  than  the  predicted  model.  This  would  be 
expected  because  of  the  analysis  assumptions  used  for  the  predictions. 

Test  No.  2 

For  this  test,  shoring  was  installed  at  midspan.  A  1/4-in.  stress 
control  gap  was  left  between  the  top  of  the  shore  and  the  joists.  See 
Figures  2-12,  2-13,  and  2-14  for  shoring  details. 

Strain  gauges  were  applied  on  member  (TF)  on  the  two  outside  joists 
and  were  applied  to  member  (T/)on  all  three  joists.  See  Figure  2-2  for 
member  designations. 
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Fig.  2-10.  Test  Loading  Configuration 
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Fig.  2-13.  Shoring  Details,  Test  No.  2 
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Fig.  2-14.  Shoring  Details,  Test  No.  2. 


The  loads  were  applied  and  the  data  recorded  as  in  Test  No.  1  above. 
In  this  test  the  assembly  was  loaded  to  failure,  which  occurred  when  the 
load  on  the  joists  reached  1,926  plf,  or  4.37  times  the  calculated  safe 
load.  Failure  occurred  when  web  member  (12)  buckled  on  all  three  joists. 
This  buckling  failure  was  immediately  followed  by  multiple  failure  of  the 
shoring  system.  Photographs  of  the  assembly  and  shoring  after  test  are 
shown  in  Figures  2-15,  2-16,  and  2-17. 


A  plot  of  the  load  per  joist  vs  the  midspan  deflection  (over  shores) 
is  shown  in  Figure  2-18.  Ideally,  the  assembly  should  deflect  at  midspan 
as  a  simple  span  until  the  stress  control  gap  is  eliminated  (1/4  in.  in 
this  case).  At  that  point,  there  should  be  discontinuity  in  the  load  vs 
deflection  graph,  as  the  stiffness  now  becomes  a  function  of  the  axial 
load  on  the  shores,  instead  of  simple  span  bending.  In  the  actual  test 
(see  Figure  2-18)  there  was  deflection  until  the  stress  control  gap  was 
eliminated  (0.25  in.).  At  or  near  this  point,  bearing  failure  of  the 
shores  began  to  occur.  As  the  load  continued  to  increase,  the  bearing 
strength  of  the  horizontal  portion  of  the  timber  shores  increased  due  to 
the  fact  that,  where  there  are  short  bearing  areas,  such  as  in  this  case, 
the  surface  fibers  act  as  suspension  cables  in  tension  and  thus  reduce 
the  compressive  load  on  other  fibers  near  the  surface  of  the  timber  (Ref.  4). 
As  the  load  increases,  the  bearing  is  again  distributed  equally,  and  the 
bearing  strength  of  timber  is  again  reduced  to  its  original  value.  Fig¬ 
ure  2-18  reflects  these  three  discontinuities  or  changes  in  slope. 

Also  indicated  on  Figure  2-18  is  the  point  at  which  web  member  (lT) 
reached  the  predicted  allowable  compression  of  10.2  ksi  (buckling  con¬ 
trolling)  as  shown  in  Figure  2-2.  This  stress  would  occur  at  a  joist  load 
of  554  plf  and  a  deflection  of  0.318  in. 
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-16.  Posttest  Photographs ,  Open-Web  Joist 
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Deflection  at  Midspan  Shore,  Test  No. 


Figure  2-19  is  a  plot  of  the  stress  in  web  member  (\2j  for  two  joists 
vs  joist  load.  Figure  2-20  is  a  plot  of  the  stress  in  web  member  (l?)  for 
all  three  joists  vs  joist  load.  Note  that  member  (u)  is  in  tension  early 
in  the  test  and  goes  into  compression  prior  to  failure.  This  is  consist¬ 
ent  with  the  prediction  analysis  shown  in  Figures  2-3  and  2-6. 

An  undamaged  web  member  was  removed  from  the  test  assembly  after  test¬ 
ing  in  order  to  confirm  the  50,000  psi  yield  stress  of  the  material.  The 
member  was  loaded  to  failure,  and  a  plot  of  the  load  vs  elongation  is  given 
on  Figure  2-21.  A  ohotograph  of  the  failed  specimen  is  shown  in  Figure  2-22. 
The  test  results  indicate  a  computed  yield  stress  of  48,500  to  50,500  psi. 
The  curve  on  Figure  2-21  exhibits  a  short  yield  range  prior  to  strain  hard¬ 
ening,  indicating  a  low  degree  of  ductility.  A  discussion  of  the  relation¬ 
ship  of  the  ductility  in  steel  to  blast  resistance  was  presented  in  Ref.  1. 
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Fig.  2-21. 


Load  vs  Elongation  for  an  11/ 16- in.  Diameter  ' Jeb  Member  from 
the  18H8  Open-Web  Joist  Floor  System  Tested. 
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SUMMARY 


Below  is  a  summary  of  test 

data  from  this  report: 

Test 

No. 

Type  of  Shoring 

Fai 1 ure 
(plf) 

Load 
(psi) (l) 

Predi cted 

Type  of  Failure 

1 

None  —  Base  Case 

595  ^ 

1.38 

None 

2 

Shore  at  center  with 
1/4-in.  gap 

1,926 

4.45 

Web  Buckling 

3fl>  Shores  at  the  third 

points  with  1/4-in.  gap 

3,595 

8.32 

Web  Buckling 

(1)  Determined  using  joist  spacing  of  3  ft  on  center  (2  ft  on  center  tested) . 

(2)  Test  not  conducted  to  failure. 

(3)  Preliminary  test  data  only. 

The  predicted  ultimate  joist  failure  was  1,449  plf  (Case  No.  2b, 

Table  2-1),  while  the  actual  failure  occurred  at  1,926  plf  (Test  No.  2), 
or  1.33  times  greater  than  predicted.  The  predicted  and  actual  failure 
modes  were  both  the  same  —  buckling  of  the  web  members.  It  would  appear 
that  a  reasonable  explanation  for  this  difference  could  be  found  in  the 
buckling  calculations  used  for  the  prediction  analysis.  The  buckling  loads 
for  web  members  were  predicted  using  a  modified  Euler's  formula,  and  an 
effective  length  factor  of  K  =  1.0.  When  translation  of  a  member  is  fixed 
at  either  end,  such  as  an  open-web  steel  joist  web  member,  the  theoretical 
"K"  values  could  range  from  1.0  through  0.7  (one  end  free  to  rotate)  to 
0.5  (both  ends  fixed).  It  would  appear,  in  fact,  that  a  more  accurate 
value  for  "K"  would  be  somewhat  less  than  the  1.0  assumed,  since  the  web 
members  are  welded  to  the  chords  at  each  end. 

Because  of  the  type  of  failure  anticipated,  the  design  engineer  is 
justified  in  using  the  more  conservative  value  of  K  =  1.0.  It  would 
appear,  however,  that  K  -  0.85  would  be  a  more  accurate  value  to  use  in 
predicting  ultimate  buckling  loads  for  web  members. 


CONCRETE  FLOOR  TESTS 


INTRODUCTION 

In  the  previous  report  (Ref.  1),  emphasis  was  given  to  demonstrating 
failure  prediction  methodologies  for  standard  and  upgraded  floor  systems. 
Included  in  that  report  were  tests  conducted  on  two  concrete  specimens. 

Test  No.  1,  or  the  base  case,  was  conducted  without  upgrading  modifica¬ 
tions,  while  Test  No.  2  was  conducted  on  the  identical  type  of  specimen 
shored  at  midspan.  A  third  specimen  was  constructed,  and  the  results  of 
the  test  on  this  specimen  are  a  subject  of  this  reoort. 

All  the  concrete  test  specimens  were  designed  to  represent  portions 
of  slabs  from  typical  beam,  slab,  and  girder  buildings,  and  were  4  ft  wide, 
22  ft  long,  and  6h  in.  thick.  The  construction  details  of  the  specimen 
slabs  are  shown  in  Figure  3-1. 

TEST  PROGRAM 

Specimen  No.  3:  This  test  was  conducted  with  two  shores  located  5  ft, 
1  in.  from  the  face  of  each  beam.  The  specimen  before  test  is  shown  on  Fig¬ 
ure  3-2.  Shoring  consisted  of  simple  8x8  posts  similar  to  railroad  ties. 
Details  of  this  shoring  are  shown  in  photographs  on  Figure  3-3.  This  ar¬ 
rangement  provided  a  predicted  failure  strength  of  20,000  plf  or  5,000  psf 
(  =  35  psi),  see  Figure  3-4. 

The  predicted  failure  moment  diagrams  for  the  right  end  span  and  the 
center  span  are  shown  in  Figures  3-5  and  3-6,  respectively. 


3-5.  Actual  vs  Predicted  Failure  Moments  and  Loads  for  Right  End  Span 
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The  upper  bound  predictions  were  based  on  the  assumption  that  the 
yield  lines  form  at  the  faces  of  the  shores,  or  the  shore  and  support  in 
the  case  of  the  end  spans.  The  lower  bound  predictions  assumed  that  the 
yield  lines  form  at  the  center  of  the  shore  or  support.  The  actual  fail¬ 
ure  moment  diagram  is  superimposed  on  each  of  the  predicted  moment  dia¬ 
grams  shown  on  Figures  3-5  and  3-6.  The  failure  moment  diagram  used  on 
Figure  3-5  is  that  of  the  right  span.  The  equivalent  failure  loads,  in 
psi,  for  the  predicted  and  actual  moments  are  also  shown  on  Figures  3-5 
and  3-6.  Figure  3-7  shows  the  complete  moment  diagrams,  both  actual  and 
predicted,  for  the  entire  test  specimen.  The  predicted  moment  diagram 
shown  on  this  figure  is  based  on  the  upper  bound  predictions. 

The  center  span  failed  at  34.7  psi  (Figure  3-6),  which  is  slightly 
above  the  upper  bound  prediction.  This  slab  segment  formed  the  minimum 
three  yield  hinges  required  for  collapse.  The  right  end  span  failed  at 
38.2  psi  (Figure  3-5),  which  is  between  the  upper  and  lower  bound  predic¬ 
tions.  The  right  span  formed  the  minimum  three  hinges  required  for  col¬ 
lapse.  Photographs  of  the  failed  specimen  are  shown  on  Figures  3-8,  3-9, 
and  3-10. 

SUMMARY 

Below  is  a  summary  of  the  test  data  from  Ref.  1  and  this  report: 


Specimen 

Hardening 

Technique 

W  . 

( KSF)  peak 

(psi) 

1  (Ref. 

1) 

base  case 

0.875 

6.08 

2  (Ref. 

1) 

single  shore 

2.58 

17.92 

3 

double  shores 

5.24 

36.4 

The  failure  prediction  methodology  was  demonstrated  to  give  a  reliable 
estimate  of  the  ultimate  strength  of  an  upgraded  slab  system.  Also,  this 
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standard  slab  system,  upgraded  with  two  sets  of  simple  post  shores,  ulti¬ 
mately  failed  at  an  equivalent  uniform  overpressure  of  approximately  36  psi. 


COMMENTARY 

One  of  the  most  interesting  results  of  the  test  was  the  fact  that 
flexural  yield  hinges  were  developed  at  near  predicted  capacity  -  without 
anv  detectable  weakness  caused  by  either  punching  or  beam  shear  failure  in 
the  slab.  This  apparent  extra  shear  capacity  may  be  due  to  the  following 
factors : 

1.  Arch  action  load  transfer  from  the  steel  beam  to  the 
double  shore  (Figure  3-11).  Note  the  edge  of  the  steel  beam 
is  3  in.  away  from  shore,  which  is  greater  than  the  slab 

thi ckness ,  t  =  6b  in. 

2.  Bearing  of  shores  against  the  bottom  steel  with  large  cover 
equal  to  effective  depth  of  slab.  No  test  data  are  avail¬ 
able  for  this  type  of  slab  load  orientation,  and  punching 
strength  is  therefore  unknown  (Figure  3-12). 

3.  The  cushioning  effect  of  the  shore  support  due  to  shim 
compression  and  elasticity  of  the  shore.  This  allows  a 
re-distribution  of  stress  concentration  areas  and  provides 
a  nearly  ideal,  uniform  support  condition. 

4.  The  steel  beam  load  and  the  double  shore  support  really 
create  a  beam  shear  condition  across  the  one-way  slab 
width  (see  Figure  3-13);  punching  shear  is  essentially 
prevented  by  this  load  arrangement. 
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WOOD  FLOOR  TESTS 


INTRODUCTION 

The  wood  floor  test  series  conducted  during  1978  (reported  in  Ref.  1) 
had  several  goals.  These  were:  first,  to  establish  baseline  data  to 
correlate  tests  conducted  by  Waterways  Experiment  Station  (Ref.  2);  second, 
to  provide  data  to  help  develop  a  failure  prediction  theory  for  timber 
structures;  and  third,  to  demonstrate  several  upgrading  options. 

Another  item  of  major  importance  in  this  program  was  to  provide  a 
test  loading  sufficiently  rapid  to  avoid  the  necessity  of  blast  testing 
every  form  of  structural  upgrading  technique.  During  this  series  the 
test  specimens  were  tested  hydraulically  in  the  laboratory,  and  the  test 
data  indicated  simulation  of  very  rapid  loading  nearly  equivalent  to 
blast  loading  was  accomplished,  because  the  responses  of  the  floor  system 
tested  were  within  bl  of  those  for  the  most  rapid  loading  achievable  — 
a  step  loading  from  a  blast  itself. 

Full-scale  laboratory  tests  are  time  consuming  and  relatively  ex¬ 
pensive,  however,  so  during  this  current  year  a  limited  effort  was  devoted 
to  developing  a  drop  test  procedure  in  which  the  floor  system  could  be 
preloaded  with  a  soil  layer  equal  to  that  required  for  fallout  protection, 
and  then  additional  soil  or  other  matter  dropped  on  the  test  specimen  to 
simulate  a  blast  loading. 

To  develop  the  theory  necessary  for  these  drop  tests,  a  series  of  small 
scale  tests  were  conducted  in  the  laboratory.  These  small-scale  tests  are 
described  in  Appendix  B. 


WOOD  FLOOR  TESTS 


To  demonstrate  the  feasibility  of  the  drop  test  technique,  two  tests 
were  conducted  —  one  loaded  statically  to  failure  and  the  second  preloaded 
with  a  load  equal  to  fallout  protection  and  then  a  second  load  dropped  on 
it. 


The  wood  floor  systems  used  were  similar  to  those  used  last  year  and 
were  typical  of  floor  systems  found  in  residential  and  commercial  struc¬ 
tures  throughout  the  United  States;  they  were  16  ft  long,  4  ft  wide,  and 
were  constructed  of  three  2-in.-by-10-in.  joists  covered  with  3/4-in.  ply¬ 
wood  and  3/8-in.  particle  board  under! ayment.  Construction  details  are 
given  in  Figures  4-1  through  4-3.  A  complete  floor  set  up  for  testing  is 
shown  in  Figure  4-4. 

Test  Number  1  (Specimen  No.  12) 

This  floor  system  was  statically  loaded  to  failure  using  sandbags. 

The  floor  failed  at  221  psf  as  shown  in  Figure  4-5.  Data  for  this  test 
are  presented  in  Figure  4-6. 

Test  Number  2  (Specimen  No.  13) 

This  floor  system  was  preloaded  to  125  psf,  or  roughly  16  in.  of  soil 
equivalent  as  shown  in  Figure  4-7.  Figure  4-6  shows  the  dynamic  failure 
prediction,  and  the  shaded  area  of  the  plot  represents  the  energy  required 
for  dynamic  failure. 

Based  on  laboratory  tests  (described  in  Appendix  B)  efficiency-of- 
energy-transfer  numbers  were  developed,  and  a  load  including  the  efficiency 
requisites  for  failure  was  dropped  on  the  floor.  Failure  did  indeed  occur: 
the  deflection  was  almost  exactly  as  predicted  at  a  3-in.  deflection. 
Photographs  of  the  drop  weight  and  the  failed  floor  are  presented  in  Fig¬ 
ures  4-8  and  4-9.  Data  for  this  test  are  presented  in  Figure  4-10. 
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ming  Detail  for  All  Floor  Panels. 


Construction  Details  for  Floor  Panels. 


Floor  Panels. 
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SUMMARY  OF  TEST  DATA 


The  failure  overpressures  for  the  two  tests  were: 

Test  No.  1  (Specimen  No.  12)  1.31  psi 
Test  No.  2  (Specimen  No.  13)  1.56  psi 

These  compare  very  favorably  with  the  two  base  case  tests  conducted  in 
1978,  as  shown  in  Table  4-1,  a  summary  of  all  test  data  (the  1979  tests 
are  underlined). 


TABLE  4-1:  WOOD  FLOORS  — -  SUMMARY  OF  TEST  DATA 


Group 

Specimen 

No. 

Hardening 

Technique 

Wpeak 
( KSF ) 

tpeak 

(seconds) 

Fb* 

(psi ) 

P 

(psi ) 

1 

1 

Base  case 

0.166 

0.8 

3,973 

1.15 

4 

Base  case 

0.224 

1.28 

5,362 

1.56 

12 

Base  case 

0.189 

- 

4,525 

1.31 

13 

Base  case 

0.225 

- 

5,386 

1.56 

2 

3 

2x6  glued 
to  bottom 

0.310 

2.9 

4,210 

2.15 

6 

of  joists 

0.472 

3.0 

6,410 

3.28 

3 

5 

2  layers  of 
plywood  on 

0.479 

20.0 

•  — 

3.33 

9 

bottom 

0.456 

8.5 

— - 

3.17 

4 

10 

Shores 

(single) 

1.13 

4.5 

— 

7.85 

5 

2 

Shores 

(double) 

1.47 

2.25 

— 

10.21 

6 

7 

King-Post 

0.411 

6.0 

— 

2.85 

8 

King-Post 

0.636 

26.0 

— 

4.42 

11 

King-Post 

0.527 

8.5 

— 

3.66 

*  Fb 

(modulus  of 

rupture)  for 

floor  joists. 
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Section  5 
SUMMARY 

The  following  is  a  summary  to  date  of  the  work  conducted  and  the  re¬ 
sults  obtained  in  the  area  of  blast  upgrading  of  existing  structures.  The 
data  obtained  in  this  investigation  will  be  used  in  the  development  of  a 
shelter  manual  presenting  the  various  upgrading  concepts  in  an  illustrative 
workbook  form  for  use  in  the  field. 

The  investigation  of  the  blast  upgrading  of  existing  structures  basi¬ 
cally  consisted  of  developing  failure  prediction  methodologies  for  various 
structure  types,  both  in  "as  built"  and  in  upgraded  configurations,  and 
verifying  these  prediction  techniques  with  full-scale  load  tests.  The 
analysis  and  prediction  techniques  were  applied  to  wood,  steel,  and  con¬ 
crete  roof  and  floor  systems  that  had  been  loaded  statically,  dynamically, 
and  in  combination.  The  prediction  methodology  is  founded  on  engineering 
mechanics,  limit  theory,  and  a  statistical  approach  to  failure  analysis 
that  enable  realistic  assessment  to  be  made  of  failure  probabilities 
based  on  the  combined  effects  of  statistical  variation  in  materials,  struc¬ 
tural  elements,  and  construction  processes. 

To  date,  Scientific  Service,  Inc.  has  conducted  load  tests  to  failure 
on  thirte^  wood  joist  floors,  three  one-way  reinforced  concrete  floors,  and 
four  open-web  steel  joist  floors  with  metal  deck  and  structural  concrete 
topping.  Each  type  of  construction  tested  included  a  minimum  of  one  base 
case  test;  that  is,  "as  built"  without  any  upgrading.  The  additional 
tests  in  each  group  incorporated  various  upgrading  schemes  appropriate  to 
the  construction  type. 

Included  in  the  wood  joist  floor  tests  were  floors  upgraded  by  single 
and  double  shoring,  flange,  boxed  beam,  and  king  post  truss  upgrading  methods. 
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Upgraded  concrete  floors  tested  were  single  and  double  shored.  The  open- 
web  steel  joist  floor  tests  were  also  conducted  with  single  and  double 
shores;  however,  the  shoring  was  installed  using  a  stress  control  concept. 

A  stress  control  shoring  concept  is  a  flexible  type  of  shoring  system 
which  enables  the  stresses  to  be  controlled  in  the  various  portions  of  the 
structure  such  that  each  structural  member  can  achieve  its  maximum  capa¬ 
bility.  Each  of  the  above  tests  was  evaluated  with  respect  to  its  predict¬ 
ed  failure  and  the  actual  results,  and  the  analysis  to  date  indicates 
significant  correlation. 

A  preliminary  survival  matrix  for  floors  is  presented  in  Table  5-1. 

This  matrix  indicates  the  overpressure,  in  psi ,  at  which  95'*  of  the  floor 
systems  are  better  than  the  rating  provided;  i.e.,  it  has  been  assumed  that 
a  5%  probability  of  collapse  is  an  acceptable  risk  level.  The  test  values 
obtained  from  this  investigation  are  entered  on  the  matrix  in  (italics). 

The  survival  overpressures  indicated  for  the  various  types  of  construc¬ 
tions  were  determined  by  assuming  the  dead  loads  (load  of  structure  itself) 
and  increasing  the  design  live  loads  by  the  safety  factors  required  for 
the  design,  as  outlined  in  the  applicable  codes,  for  the  particular  con¬ 
struction  considered.  The  "as  built"  survival  overpressure  considers  the 
floor  "as  is"  with  no  superimposed  live  loads,  but  with  all  safety  factors 
removed. 

The  basic  construction  type  groups  are  further  divided  into  categories 
of  light,  medium,  and  heavy.  These  categories  are  based  on  the  allowable 
live  loads  for  types  of  occupancy,  as  specified  in  the  building  codes,  and 
are  defined  as  follows: 

Light  40  to  60  psf 

Medium  80  to  125  psf 

Heavy  150  to  250  psf 

Although  the  overpressure  values  indicated  do  not  consider  any  super¬ 

imposed  live  loads,  it  is  assumed  that  some  radiation  protection  would  be 
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TABLE  5-1:  PRELIMINARY  SURVIVAL  MATRIX  FOR  FLOORS 


Overpressure  at  Which  95'  of  Floors 
"As  Built"  and  With  Various  Types  of  Shorinr 

,  Will 
|.  All 

Survi ve 
val  ues 

in  psi . 

Type  of  Floor 
Construction 
and  Dead  Load 

Shoring  Required 

As 

Bui  1 1 

Mid- 

Span 

1/3 

Span 

1/4 

Span 

Ki  ng- 
Post 
Truss 

Flange 

Boxed 

Beam 

WOOD  - 

Light  - 

D.L.  =  20  psf 

Joist,  Glulam* 

(■•.!) 

4.5 

i  .  *) 

11.4 

r\2) 

— 

2.4 
(.:.  6) 

1.7 

(1.7) 

1.7 

(2.2)** 

Medi urn  - 

Joist,  Glulam 

1.5 

9.2 

21.9 

— 

5.3 

4.0 

4.0 

Heavy  - 

PI  ank 

3.8 

18.4 

42.7 

— 

11.1 

— 

_ 

STEEL,  LIGHT  -  D.L.  =  30  psf 

Light  - 

Open-Web  Joist 

-- 

0.6 

2.1 

— 

1.0 

— 

— 

Medium  - 

■  Open-Web  Joist 

0.5 

i  >.'■) 

1.8 

( 

4.5 

(~.  :■) 

— 

2.5 

— 

★  * 

STEEL,  HEAVY  -  D.L.  =  80  psf 

Light  - 

Beam  and  Slab 

0.2 

3.1 

7.9 

— 

— 

— 

— 

Medi urn  - 

Beam  and  Slab 

0.9 

5.6 

13.4 

24.3 

— 

— 

— 

Heavy  - 

Beam  and  Slab 

2.0 

10.3 

24.0 

43.2 

CONCRETE 

-  D.L.  =  100  psf 

Light  - 

Double  Tee,  One-Way 
Joist,  Hollow  Core 

0.7 

4.9 

11.8 

— 

— 

— 

— 

Light  - 

Flat  Slab,  Flat  Plate 

1.0 

5.2 

12.2 

21.9 

— 

— 

— 

Light  - 

Waffle  Slab 

0.7 

4.9 

11.8 

21.5 

— 

— 

— 

Medi urn  - 

Double  Tee,  One-Way 
Joist,  Hollow  Core 

1.4 

7.6 

18.0 

— 

— 

— 

— 

Medi urn  — 

Flat  Slab,  Flat 

Plate 

1.7 

8.0 

18.4 

33.0 

— 

— 

— 

Medium  - 

Waffle  Slab 

1.4 

7.6 

18.0 

32.6 

— 

— 

— 

Heavy  - 

Double  Tee,  One-Way 
Joist,  Hollow  Core 

3.0 

13.4 

30.7 

— 

— 

— 

— 

Heavy  - 

Flat  Slab,  Flat 

Plate 

3.1 

(5.6) 

13.5 

(17.4) 

30.9 

(35. ‘V 

55.2 

— 

— 

Heavy  - 

Waffle  Slab 

3.0 

13.4 

30.7 

55.0 

— 

— 

— 

Note:  Overpressure  values  assume  radiation  protection  equal  to  a  Pf  of  100  (18  in.  of 
earth  or  equivalent)  superimposed  on  floor.  Assumed  densityrof  earth  =  100  pcf. 

*  Glulam  not  tested.  +  -  Required  radiation  protection  (P,  =  100) 

would  cause  floor  to  collapse  ' 

**  Figures  in  ( italics )  are  tested  values  reduced  for  the  radiation  protection. 
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required.  Accordingly,  the  survival  overpressures  included  the  fallout 
radiation  protection  necessary  to  achieve  a  protection  factor  (P^)  of  100; 
i.e.,  18  inches  of  earth  (assumed  density  =  100  pcf)  or  other  materials  of 
comparable  density.  The  weight  of  this  radiation  protection  has  been  de¬ 
ducted  from  the  survival  overpressure  when  the  floor  is  in  both  the  shored 
and  the  "as  built"  configurations.  The  test  values  (italics)  have  also 
been  reduced  for  comparison  purposes  to  include  this  radiation  protection. 

The  midspan,  one-third  span,  and  one-quarter  span  shoring  may  be  lines 
of  shoring,  such  as  posts  and  beams  or  stud  walls,  placed  transverse  to 
one-way  structural  systems  (open-web  joists,  double  tees,  etc.),  or  it  may 
be  post  shores,  located  symmetrically  under  two-way  structural  systems 
(flat  slabs,  waffle  slab,  etc.).  The  king  post  truss  shoring  consists 
basically  of  cables  or  rods  secured  parallel  to  joists  or  beams  and  ten¬ 
sioned  to  form  a  king  post  truss  configuration.  The  flange  system  con¬ 
sists  of  attaching  bottom  flanges  to  wood  joists,  while  the  boxed  beam 
system  involves  "boxing"  in  the  entire  ceiling  system  (wood  joists)  by 
attaching  a  plywood  diaphragm,  secured  to  the  joists,  under  the  entire 
ceiling. 

The  methodology  developed  in  the  above  and  in  future  programs  promises 
to  provide  a  potent  analytical  tool  for  quantitative  assessment  of  failure 
loads  before  and  after  upgrading. 
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WOOD  DESIGN 


INTRODUCTION 

Wood  design  is  rapidly  emerging  from  its  infancy  in  the  area  of  limit 
design  of  structures.  Previous  work  (Ref.  1)  by  SSI  introduced  some  of 
the  parameters,  ideas,  and  concepts  of  limit  design,  in  particular  with 
respect  to  timbe  structures. 

One  of  the  more  interesting  characteristics  of  wood,  which  has  probably 
delayed  the  development  of  the  ultimate  strength  approach  or  limit  design 
in  wood  structures,  is  the  wide  variability  of  the  material.  For  example, 
in  concrete  a  theoretical  ultimate  strength  is  calculated  and  then  a  10°: 
factor  is  applied  essentially  to  account  for  the  statistical  unknowns  in 
concrete  beams.  In  wood,  however,  one  finds  far  wider  variabilities,  not 
only  of  the  statistics,  but  of  the  other  characteristics  of  the  material. 

For  example,  a  clear  wood  may  have  a  mean  strength  of  7,500  psi  and  a  stand¬ 
ard  deviation  of  perhaps  1,500  psi,  roughly  a  20%  coefficient  of  variation. 
When  we  move  from  a  clear  wood  specimen  —  which  is  a  rarity  in  the  real 
world  —  to  a  graded  material,  this  distribution  will  shift  50%  to  60%; 
that  is,  the  clear  wood  strength  of  7,500  psi  mean  value  may  move  to  as 
little  as  a  3,700  psi  mean  value.  Then,  the  properties  may  change  another 
250/-  or  35%  because  of  moisture  content.  In  addition,  the  loading  rates 
can  affect  the  strength  of  the  material  by  as  much  as  200%.  Throughout 
all  of  these  shifts  in  the  mean  values,  the  statistical  variation  or 
scatter  of  the  data  persists,  making  it  rather  complicated  to  predict  the 
ultimate  strength  of  a  wood  structural  system. 

Some  early  work  was  published  on  the  ultimate  strength  of  wood,  but 
this  work  generally  concentrated  on  small,  clear  specimens,  and  until  re¬ 
cently  little  data  were  available  on  full-scale  graded  timbers.  However, 
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recently  the  industry  has  begun  a  large  scale  program  of  "in  grade  testing" 
of  sawn  lumber;  this,  coupled  with  the  earlier  work  on  clear  wood  specimens 
provides  us  with  a  great  deal  of  data  to  aid  in  the  development  of  a  fail¬ 
ure  prediction  methodology. 

This  appendix  is  organized  so  that  the  reader  may  omit  the  first  two- 
thirds  of  the  material  and  still  have  a  useful  portion.  The  last  one-third 
of  the  material,  entitled  DATA,  contains  all  of  the  known  (in  our  litera¬ 
ture  search)  "in  grade"  timber  test  data  without  interpretation.  Hence, 
the  DATA  section  should  be  useful  in  itself  to  the  engineer  or  researcher, 
who  may  interpret  and  use  these  data  by  his  own  interpretation  or  by  the 
conventional  ASTM  interpretation.  In  addition,  the  DATA  section  contains 
what  we  believe  to  be  some  of  the  most  useful  clear  wood  test  data.  The 
first  two-thirds  of  this  appendix  is  devoted  to  our  interpretations  and 
extrapolations  of  the  data  reported  in  the  DATA  section. 


PROBABILISTIC  CONCEPTS 

In  the  previous  report  the  approach  taken  considered  the  statistics 
of  material  variability,  grading,  curing,  aging,  seasoning,  load¬ 
ing  rates,  and  their  underlying  probability  concepts  and  combined  them 
into  a  formulation  that  made  it  possible  to  predict  ^he  behavior  of  wood 
or  timber  structures  (existing  or  planned)  when  subjected  to  a  variety  of 
loadings.  The  probabilistic  treatment  of  the  above  mentioned  variables 
was  very  general  and  simplistic.  Where  data  were  available,  it  was  assumed 
to  be  normally  distributed;  i.e.,  ASTM  values  for  clear-green  specimens. 
Where  data  were  not  available,  the  variables  were  assumed  to  be  determin¬ 
istic  —  seasoning,  grading,  etc. 

During  the  past  year  a  great  deal  of  data  has  been  acquired,  and  an 
attempt  has  been  made  to  incorporate  this  information  into  a  more  complete 
probabilistic  model  of  timber  behavior.  Multiplicative  models*  arise 


*  See  Ref.  1. 
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through  distribution  of  a  phenomenon  that  is  the  result  of  a  multiplicative 
mechanism  acting  on  a  number  of  factors.  In  this  case  the  variable  of  in¬ 
terest,  Y,  is  expressed  as  the  product  of  a  large  number  of  variables  (a 
normal  distribution  often  arises  out  of  a  summation  of  a  large  number  of 
variables),  each  of  which  may  in  itself  be  difficult  to  study  and  describe, 
and  can  be  expressed  by: 

Y  =  W)  W>  W3  Wi. . 

In  many  cases  something  can  be  said  about  this  distribution  of  Y. 

Take  natural  logarithms  of  Y,  which  results  in 

In  Y  =  In  W-,  +  In  W2  +  In  W3  +  .  .  .  . 

Since  Wi  is  a  random  variable.  In  Wi  is  also  a  random  variable,  and  In  Y 
is  the  summation  of  a  large  number  of  random  variables.  From  this  central 
limit  theory  one  may  predict  that  In  Y  is  approximately  normally  distrib- 

Y 

uted;  i.e.,if  X  =  InY  is  normally  distributed  and  Y  =  e  . 


Since  floor  systems  are  the  predominant  use  of  timber  in  the  host  area 
shelter, and  floors  predominantly  fail  in  flexure,  bending  stresses  will  be 
studied  first. 


Let  F.  =  F  G  M  D4.Sj 
b  be  r  c  t  d 


where 


F.  is  the  modulus  of  rupture  of  graded  material. 


Fbc  is  the  modulus  of  rupture  for  clear  2x2  specimens, 
G  is  strength  ratio  for  grading, 

M  is  moisture  content  coefficient. 


0^  is  duration  of  loading  coefficient, 

Sd  is  size  adjustment  factor. 


Taking  logs  results  in 


In  F  =  In  Fu  +  In  G  +  In  M  +  In  D.  +  In  S, 
b  be  r  c  t  a 

with  the  expected  value 

E[ 1 n  FbJ  =  E[ln  F  ]  +  E[ln  Gr]  +  E[ln  Mc]  +  E[ln  Dt]  +  E[ln  Sd] 
and  the  variance 

Var[ln  F,  ]  =  Var[ln  F  ]  +  Var[ln  G  ]  +  Var[ln  Ml  +  Var[ln  D  ] 
b  be  r  c  t 

+  Var[ln  Sd]  +  £2  Cov[Xi ,  Xj] 

where  i  and  j  represent  the  various  possible  random  variable  combinations. 
Note,  if  Cov[Xi ,  X  .]  is  identically  zero,  the  random  variables  are  independ¬ 
ent. 


Further,  these  logarithmic  random  variables  will  be  assumed  to  be 
normally  distributed;  i.e.,  log-normal  distribution.  This  assumption  is 
given  substantial  support  by  the  goodness  of  fit  of  the  data  shown  on 
log-normal  plots  in  the  DATA  section  (see  tables  and  figures  on  pages  A-21 
through  A-29).  These  data  (Ref.  2)  were  supplied  by  the  Western  Wood 
Products  Association  (WWPA)  and  are  part  of  the  lumber  industry's  large 
in-grade  test  program. 

Colorado  State  University  at  Fort  Collins  is  also  doing  a  great  deal 
of  work  (Refs.  3,  4,  and  5)  with  emphasis  on  st>uctural  wood  performance 
at  service  load.  The  work  at  Colorado  State  University  uses  the  type  III 
extreme- value  distribution  (the  Wei  bull  Distribution).  However,  the  writer 
finds  the  log-normal  much  more  versatile  in  handling  the  problems  of  FEMA 
and  more  in  line  with  the  following  quotation  from  Ref.  6: 

"Some  general  comments  concerning  all  three  limiting  extreme- 
value  distributions  are  in  order.*  The  results  for  the  asymptotic 


"*  As  is  true  of  virtually  all  the  distributions  studied  in  this 
chapter,  other  models  may  lead  to  distributions  of  the  same  or 
nearly  the  same  analytical  form.'1 


distributions  of  extremes  are  not  so  powerful  as  those  following 
from  the  central  limit  theorem  for  additive  mechanisms.  As  we 
have  seen,  more  assumptions  must  be  made  as  to  tiie  qeneral  form 
of  the  underlying  distributions.  Nor  art-  thes<-  ttiree  forms  ex¬ 
haustive;  distributions  exist  wtmso  largest -value  distribution  does 
not  converge  to  one  of  the  three  types.  The  effects  of  lack  of 
independence  and  lack  of  identical  distributions  in  the  underly¬ 
ing  variables  are  not  so  well  understood  as  for  the  central  limit 
theorem,  but  analogous  conclusions  are  known  to  hold.  The  con¬ 
vergence  of  the  exact  distribution  toward  the  asymptotic  distri¬ 
bution  may  not  be  'fast'  (Cuntol  lnS8).  Nonetheless,  these  dis¬ 
tributions  provide  a  valuable  link  between  observed  data  of  ex¬ 
treme  events  and  mattiemat ical  models  which  aid  the  engineer  in 
evaluating  past  results  and  predicting  future  outcomes." 


GREEN  CLEAR  TIMBER 

From  the  basic  expressions  in  the  preceding  section,  the  next  logical 
random  variable  to  tackle  is  the  clear  bending  (modulus  of  rupture,  or  MOR) 
strength,  Fbc- 

Table  A-l  is  a  table  of  properties  for  clear  wood.  The  average,  X, 
and  standard  deviation,  o,  are  from  ASTM  Data  D2555-70.  The  other  columns 
are  from  operations  based  on  data.  If  we  have  a  random  variable 

Y  =  In  X 

that  is  normally  distributed,  and  the  mean  of  X  is  X,  and  the  standard 

deviation  is  a  ,  the  variance  of  "In  X"  is: 
x 

Varpn  X]  =  =  In  (Vx2  +  1) 

with  Vx  =  ox/X  the  coefficient  of  variation,  and  the  expected  value  of  In  X  is 
E [1  n  X]  =  In  'x 


where  the  median  of  X  is 


TABLE  A-l:  CLEAR  WOOD  PROPERTIES  FOR  SEVERAL  SPECIES  OF  WOOD  (UNSEASONED) 
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Data  from  ASTM  D2555-70 


For  example,  from  Table  A-l  for  Douglas  Fir.  Coast 


X  = 

7,665  psi  ;  and  =  1 ,317 

then 

V  = 

o  /X  =  0.1718 

X 

X 

and 

Var[  In  X]  = 

"in  X  '  (V7  *  » 

or 

11 1  n  X 

0.0291 

and 

'in  X 

0.  1706. 

Thus,  E[ln  X]  =  In  X  when  X  =  X  exrl-L?  >  i x ) 

X*  =  7,554  psi  .  and  In  X  =  8.9299. 

Since  In  X  is  normally  distributed,  the  5  value  of  In  X  is 

In ( X  =  0.05)  =  In  Y  -  1.645  o  =  8.6493,  and 

i  n  a 

1 n ( X  =  0.95)  =  In  Y  +  1.645  c  x  =  9.2105,  etc. 

This  curve  is  plotted  on  log-normal  paper  in  Figure  A-l  along  with 
the  data  from  WWPA  for  2x8  Douglas  Fir-Larch  No.  2  corrected  to  19i  mois¬ 
ture  content.  The  validity  of  this  conversion  from  the  traditional  normal 
assumption  to  the  log-normal  is  demonstrated  by  the  plot  of  the  data  in 
Table  A-2.  These  data  are  from  Ref.  7  for  Douglas  Fir  (several  regions)  with 

E[X]  -  X  =  7,065  psi 
Var[X]  =  ox2  =  ( 1  ,073) 2 

or  n  =  1 ,073  psi . 

Note  how  well  the  log-normal  plot  fits  these  data  (Figure  A-2). 


TABLE  A-2 :  STATIC  TEST  DATA  DOUGLAS  FIR,  VARIOUS  REGIONS 
GREEN-CLEAR  2  in.  x  2  in.  x  28  in.  SPECIMENS 


Fig.  A-2.  Modulus  of  Rupture  vs  Cumulative  Probability  for  Clear  Green  Douglas  Fir. 


From  the  foregoing  plot  and  discussion  one  could  conclude  that  a 
reasonable  estimate  of  the  Green  Clear  distribution  for  Douglas  Fir-Larch 
might  be  the  average  mean  standard  deviation  and  coefficient  of  variation 
for  the  four  Douglas  Fir  regions  and  Western  Larch: 


Fv  =  X  =  7,450  psi 
be 


which  leads  to 


oFk„  =  n  =1,142 
he  x 


Vx  =  0.1533 


F[ln  X]  =  8.9044  (7,364  psi) 

Var[ln  X]  =  0.0232 

aln  X  -  01524 

1 n ( X  =  0.05)  =  8.6522  (5,722  psi) 

1 n ( X  =  0.95)  =  9.1565  (9,475  psi) 


Recall  that  in  general  under  the  basic  assumption, 


EH"  Fb]  .  E[l„  Fbc]  *  E[ln  G^S,] 

Var[ln  Fb]  =  Var[ln  Fb(J  +  Var[ln  G^D^J  *D2  CovI^  ,  X^l 


Hence , 


E[ln  Gr«cDtSb]  =  E[ln  FbJ  -  E[ln  F^J 


Var[ln  G^D^]  *E2Cov[X,Xj  =  Var[ln  Fb]  -  Var[In  Fb£] 


or  numerically. 


E[ 1 n  GrMcDtSd]  =  8.5127  -  8.9044  *  -0.3917 


and 


Var[ln  G  M  D  Srf]  +  D2Cov[X.,X.]  =  0.1757  -  0.0232  =  0.1527 

J 

which  are  probabilistic  measures  of  the  remaining  variables. 

GRADING  (SIZE) 

The  next  random  variable  to  be  considered  is  G  ,  the  grading  random 
variable.  Techniques  for  visually  demonstrating  the  degree  to  which  the 
growth  features  of  wood  reduce  its  performance  from  that  to  be  expected 
from  clear,  straight-grained  materials  have  been  developed  and  used  for 
over  40  years.  By  measuring  the  effect  of  knot  size,  grain  deviation  and 
general  slope,  end  splits,  seasoning  checks,  and  shakes  —  and  systemati¬ 
cally  codifying  these  characteristics  —  strength  ratio  estimating  tables 
have  been  developed.  (These  are  published  in  Ref.  8.)  The  concept  of 
strength  ratio  has  been  created  for  visual  grading  and  is  defined  as  the 
ratio  of  that  member's  strength  to  that  which  it  would  have  been  if  no 
weakening  characteristics  were  present;  i.e.,  45%  of  the  clear  piece  for 
No.  2  joist  and  planks  in  bending  for  6  in.  and  wider. 

Bear  in  mind  the  strength  ratio  of  a  grade  is  the  minimum  strength 
ratio  permitted  in  that  grade.  Within  any  single  grade  the  strength  ratio 
of  pieces  will  vary  from  the  minimum  permitted  up  to  the  minimum  permitted 
by  the  next  higher  grade.  Furthermore,  since  the  minimum  strength  ratios 
for  all  of  the  properties  of  a  piece  do  not  occur  simultaneously,  some 
pieces  that  might  be  in  one  grade  on  the  basis  of  the  minimum  strength 
ratio  for  compression,  may  be  forced  down  into  the  next  lower  grade  on  the 
basis  of  the  strength  ratio  in  flexure.  For  such  pieces,  the  compression 
strength  ratio  may  actually  be  above  the  minimum  value  for  the  higher 
grade.  Circumstances  of  this  kind  extend  the  range  of  strength  ratios  in 
any  grade  somewhat  above  the  threshold  value  for  the  next  higher  grade. 

The  above  discussion  quickly  leads  one  to  fully  expect  the  "grading" 
operation  to  increase  variance;  i.e.,  scatter. 

The  data  from  Ref.  3  provide  the  greatest  source  to  date  on  the  vari¬ 
ability  of  grading.  Tables  A-3,  A-4,  and  A-5  are  from  this  reference. 
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TABLE  A-3:  ACTUAL  NUMBER  OF  SAMPLES  TESTED 

BY  SPECIES,  SIZE,  GRADE,  AND  REGION 


State  & 

2x4 

I 

2x8 

2x12 

Region* 

lill 

N2 

ST 

Nl 

N2 

N3 

Nl 

N2 

N3  ** 

! 

1 

HEM  - 

FIR 

AZ  T 

10 

10 

10 

1  10 

13 

11 

11 

13 

13 

CA  N 

10 

10 

10 

10 

10 

10 

10 

10 

10 

CA  S 

10 

10 

10 

10 

10 

10 

10 

9 

10 

ID  N 

10 

10 

10 

10 

10 

10 

8 

8 

8 

ID  S 

12 

8 

10 

12 

10 

10 

10 

11 

10 

NM  T 

10 

9 

10 

9 

11 

10 

10 

10 

10 

OR  E 

10 

10 

10 

10 

10 

10 

10 

10 

10 

OR  W 

10 

10 

10 

10 

10 

10 

10 

10 

10 

WA  E 

10 

10 

10 

10 

10 

10 

10 

10 

10 

WA  W 

1 

:  10 

10 

10 

10 

10 

10  ! 

10 

10 

10 

Total 

102 

97 

100 

I  101 

104 

101  1 

99 

101 

101 

(Nl) 

DOUGLAS  FIR 

-  LARCH 

CA  N 

10 

10 

10 

10 

10 

10 

10 

10 

10 

CA  S 

10 

10 

10 

10 

10 

10 

10 

10 

10 

ID  N 

10 

10 

10 

'  11 

10 

9  ! 

10 

10 

9 

ID  S 

10 

8 

10 

10 

10 

10 

10 

10 

10 

MO  N 

10 

10 

10  j 

10 

10 

10 

12 

9 

9 

MO  S 

12 

10 

10  ; 

8 

10 

14 

11 

8 

11 

OR  E 

10 

10 

10  i 

10 

10 

10 

10 

10 

10 

OR  W 

10 

10 

10 

10 

11 

11 

10 

10 

10 

WA  E  , 

10 

10 

10 

10 

10 

10 

10 

10 

10 

WA  W 

10 

10 

10 

10 

10 

10 

10 

10 

10 

Total 

102 

98 

100 

99 

101 

104 

103 

97 

99 

*  First  two  letters  designate  state; 
third  letter,  region  within  state. 


AZ  =  Arizona 
CA  =  California 
ID  =  Idaho 
MO  ■  Montana 
NM  =  New  Mexico 
OR  =  Oregon 
WA  =  Washington 


T  =  total 
N  =  north 
S  =  south 
E  =  east 
W  =  west 
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**  Grades: 

SS  =  Joist  Select  Structural 
ST  =  Stud 

N1  =  Joist  Number  1 
N2  =  Joist  Number  2 
N3  =  Joist  Number  3 


TABLE  A-4:  COMPARISON  OF  F.  AND  E,  TO  ASTM  VALUES 


noun  un  r^.  cm  oun  hiooi  m  cm  cn  cw  n  own  r-.  co 

<-100  00  Oi  O'  CO  H  woi  rtOiOO  O'  00  00  00  00  00  O  0\00  C>  Cl  CO 

fioo  OOO  <-1  O  O  <-H  O  O  OOO  OOO  <-i  O  O  ooo 


< 

in  in  in 

**  <3- 

04  CM  04 

^ 

00  00  00 

n  n  pn. 

in  in  in 

n  p-^  n 

IUJ 

H  fH  l-H 

*H  H  rH 

rH  rH  r*i 

rH  rH  rH 

rH  rH  rH 

rH  rH  rH 

*  *  * 

rH  rH  rH 

rH  fH  rH 

CSJ  C4  O 

N  VO  VD 

in  N4- 

COHN 

COh  N 

in  5t  in 

ornio 

vo  o  co 

•n 

04  r— 1  H 

co  co 

m  ^  ** 

cn  co  vo 

o  oo  oo 

in  co  ^ 

Tt-  oo  co 

IUJ 

n  co  cm 

CO  CO  04 

CO  H  rH 

in  co  04 

vo  m  ^ 

in  co 

in  *3-  cm 

m  m<f 

s 

E-< 

cn 

iH  rH  rH 

rH  rH  rH 

rH  rH  rH 

rH  rH  rH 

rH  rH  rH 

rH  rH  rH 

rH  rH  rH 

rH  rH  rH 

CO  VO  rH 

CO  CO  VO 

vo  O'*  cn 

cn  *1-  oo 

CO  vo  O 

o  o 

cn  CM  VO 

VO  00  N 

CO  CO  00 

*h  n  vo 

^  HOI 

«a-  oo 

cn  vo  vo 

co  r-*  in 

CO  CT*  N 

o>N  in 

U_ 

•  •  • 

•  •  • 

•  •  • 

•  •  • 

•  •  • 

•  •  • 

•  •  • 

•  •  • 

_Q 

U_ 

-<  o  o 

•— <  o  o 

rH  rH  O 

<-•  o  o 

ooo 

ooo 

f-H  o  O 

ooo 

T, 

E*1 

in 

ooo 

ooo 

omin 

ooo 

ooo 

moo 

ooo 

o  m  in 

O  CM  CM 

ooo 

< 

m  oo 

moo 

w  rviv 

moo 

uiimn 

m  m  m 

Wifl 

V£>  CM  (VI 

<->  o  o 

id  inm 

t-H  O  O 

Nin  in 

cm  cm 

oo  rvrv 

CM  CM 

oo  co  vo 
rs.  co  co 

CM  ON 
CM  rH 

cm  cn  N 
CO  00  oo 
co  pn  vo 

rH 

CO  ^  CM 

m  m  vo 
ouom 

vo  ^  m 
^rnm 

VO  00  vo 

rH 

co  cn  co 
n  in  o 
m  cn  cn 

rH 

1289* 

899* 

695* 

O  00  N 
cn  o  m 
o  n  m 

rH 

o>  co  m 

^  rH  CM 
fO  OlN 

rH 

CM 

00  rH 

CM 

^*00  fH 

CM 

«3-  00  <— I 

_  CM 
^  00  rH 

CM 

*3-  00  rH 

CM 

^  00  rH 

CM 

00  rH 

CM 

00  rH 

CM  CM  CM 

CM  CM  CM 

CM  CM  CM 

CM  CM  CM 

CM  CM  CM 

CM  CM  CM 

CM  CM  CM 

CM  CM  CM 

00  CO  00 

CO  CO  CD 

•BtQoQ 

•e  «e«e 

VO  rH  rH 

cn  z  z 

CM  CM  CM 

z  z  z 

H-  CO  CO 

cn  z  z 

CM  CM  <M 

z  z  z 

rH  rH  rH 

z  z  z 

CM  CM  CM 

z  z  z 

1—  co  co 
cn  z  z 

CM  CM  CM 

z  z  z 

Average  of  two  test  results  (Phase  I  and  Phase  II) 


E/E(astm) 


B 


TABLE  A- 

•5:  RATIOS  OF 

TEST  TO  DERIVED  ASTM  VALUES 

Species 

Grade 

2x4 

2x4* 

F. 

b  2x8 

2x12 

Hem  -  Fir 

SS,  N1 

1.38 

1.60 

0.86 

0.61 

N2 

1.16 

1.35 

0.79 

0.69 

ST,  N3 

1.49 

1.73 

1.14 

0.98 

5: 

to 

N2  &  B 

1.43 

1.66 

0.86 

0.70 

-Q 

Li- 

V 

Douglas  Fir 

N1 

0.90 

1.05 

0.64 

0.60 

-Q 

U. 

Larch 

N2 

0.89 

1.03 

0.72 

0.56 

ST,  N3 

1.36 

1.56 

0.98 

0.77 

N2  &  B 

0.93 

1.08 

0.73 

0.58 

*  Unadjusted  for  size. 
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Hem  -  Fir 

SS,  N1 

1.13 

0.89 

0.85 

N2 

0.95 

0.94 

0.87 

ST,  N3 

1.12 

0.99 

0.95 

N2  &  B 

1.11 

0.96 

0.89 

Douglas  Fir 

N1 

0.94 

0.85 

0.82 

Larch 

N2 

0.89 

0.87 

0.82 

ST,  N3 

1.03 

0.99 

0.83 

N2  &  B 

0.97 

0.93 

0.84 

Note  that  the  2  x  4  data  are  corrected  for  size  by  approximately  1/0.86, 
or  1.16.  In  this  study,  the  2  x  4  data  will  not  be  adjusted  for  size  prior 
to  the  statistical  comparison;  rather,  after  the  variance  from  grading  Is 
removed,  size  effects  will  be  studied  separately.  Table  A-6  presents  the 
data  unadjusted  for  size  and  Figure  A-3  is  a  plot  of  these  data. 

From  the  data  it  is  obvious  that  the  variance  of  the  grading  is  con¬ 
stant  for  all  sizes  and  the  expected  value  changes;  i.e., 

E[ln  GrSd(4  in.)]  =  0.2967  (1.3455) 

E[ln  GrSd(8  in.)]  =  -0.1922  (0.825) 
and 

E[ln  G  S  .(12  in.)]  =  -0.3964  (0.6727) 
r  a 


Figure  A-4  is  a  log-log  plot  of  these  median  values.  The  average 
variance  of  the  three  sizes  is 


Var[ln  G^]  =  0.0394  or  5 


0.1985 


Observe  that  the  grading  and  size  factors  are  not  separated  at  this  time. 
From  the  data  at  hand,  it  does  not  appear  that  they  (size  and  grading)  can 
currently  be  separated,  and  perhaps  such  separation  is  unnecessary  and 
unwarranted  as  they  are  probably  highly  correlated;  i.e.,  explain  a  great 
deal  of  the  covariance. 


Continuing  with  our  2x8  Douglas  Fir-Larch  No.  2  we  have  from  the 

above 


ETln  G  S.]  =  -  0.1922  +  In  0.45*  =  -0.9907 
r  d 

and  Var[ln  G  S.]  =  0.0394  or  a.  =  0.1985 

r  a  In  G  5j 


*  Note:  The  0.45  is  the  original  grading  factor  for  the  2  x  8  joist  and 
plank  from  the  ASTM-D245.  The  procedure  used  of  taking  the  ratios 
eliminated  the  factor  itself;  therefore  we  replace  it  here. 
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TABLE  A-6:  ORDERED  BENDING  STRENGTH  RATIO,  F./F.  , 

b  b (ASTM) 


Cumulative 

Percent 

2x4 

2x8 

2x12 

0.111 

1.03 

0.64 

0.56 

0.222 

1.05 

0.72 

0.58 

0.333 

1.08 

0.73 

0.60 

0.444 

1.35 

0.79 

0.61 

0.555 

1.58 

0.86 

0.69 

0.660 

1.60 

0.86 

0.70 

0.777 

1.66 

0.98 

0.77 

0.888 

1.73 

1.14 

0.98 

X 

1.3850 

0.8400 

0.6863 

S 

0.2955 

0.1601 

0.1384 

X 

V 

0.2134 

0.1906 

0.2016 

°ln2X 

0.0445 

0.0357 

0.0398 

aln  X 

0.2110 

0.1889 

0.1996 

In  X 

0.3034 

-0.1923 

-0.3965 

X 

1.3545 

0.8251 

0.6727 

ent  Correction  vs  Cumulative  Probability. 


Recall  from  earlier  in  this  section  that 


E[ln  G  S.M  D.  ]  =  -0.3917 
r  d  c  t 

and 

Var[ln  G^M^]  +  E2Cov[Xi,Xj]  =  0.1527 
which  can  be  rewritten 

E[ 1 n  GrSd]  +  E[ln  McDt]  =  -0.3917 

Var[l .1  GrSd]  +  Var[ln  McDt3  +  D2  Cov^  ,Xj]  =  0.1527 
Combining  these  with  the  values  for  [In  G^SJ  results  in: 

E[ln  McDt]  =  -0.3917  +  0.9907  =  0.5990 

Var[ln  M  0,.]  +  £2  Cov[X .  ,X  .]  =  0.1527  -  0.0394  =  0.1143 
c  t  1  J 

These  values,  of  course,  are  measures  of  the  remaining  random  variables, 

M  and  D*,  and  the  various  covariances, 
c  t 

During  the  coming  year's  effort  it  is  planned  to  develop  estimates  of 
the  remaining  parameters;  that  is,  distributions  for  load  duration  and 
moisture  content,  plus  estimates  for  the  various  covariances.  From  our 
efforts  to  this  point  in  the  study  it  is  believed  that  there  will  be  a 
high  correlation  between  size  and  grading,  as  pointed  out  in  the  previous 
section;  From  preliminary  data  there  appears  to  be  correlation  between 
moisture  content  and  load  duration. 
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Historically,  timber  design  allowables  have  been  derived  from  apply¬ 
ing  various  factors  for  grading,  moisture  content,  load  duration,  size,  etc. 
to  clear  wood  strength  values  via  an  ASTM  procedure  (ASTM  D2555-70).  As 
the  engineering  profession  moves  toward  the  so-called  limit  states  approach 
to  design,  it  has  become  desirable  to  look  more  completely  at  the  probabil¬ 
istic  nature  of  graded  timber.  To  that  end  the  timber  industry  has  under¬ 
taken  a  large  scale  effort  of  testing  full-scale,  In-Grade  timbers. 

MW PA  Data 

The  data  shown  in  Tables  A-7  and  A-8  were  supplied  by  the  Western  Wood 
Products  Association.  These  data  are  presented  first  because  they  are  the 
least  filtered;  that  is,  the  data  shown  in  these  tables  are  modified  only 
for  moisture  content  (to  19%  Mc).  The  data  consist  of  samplings  of  12  units 
with  10  specimens  each  of  No.  2  Douglas  Fir-Larch  and  10  specimens  each  of 
No.  2  or  better  Douglas  Fir-Larch.  Actually,  the  No.  2  specimens  are 
simply  the  "or  better"  replaced  by  an  "on-grade"  No.  2.  Figures  A- 5  and 
A- 6  are  plots  of  these  data.  Figure  A- 6  at  the  upper  end  illustrates  the 
effect  of  the  "or  better"  part  of  the  sampling.  Further,  we  observe  that 
little  change  is  evident  at  the  lower  strength  end. 

Table  A-8  contains  the  data  for  120  Douglas  Fir-Larch  2x4  timbers 
No.  2  and  120  No.  2  or  better.  Few  differences  exist  between  the  No.  2 
and  No.  2  or  better  in  this  case,  so  a  single  plot  is  shown  in  Figure  A-7. 

Table  A- 9  is  a  summary  table  for  the  WWPA  data  in  the  form  used  for 
summary  tables  throughout  this  section. 
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TABLE  A-7:  WWPA  DATA  2  in.  x  8  in.  DOUGLAS  FIR-LARCH 


MODULUS  OF  RUPTURE  —  19%  Mc  (in  psi) 


Unit 

No, 

__1 

c  •  r 

Unit 

No.  2 

#  2 

#_ 

2  or  better 

11 

#  2  or  better 

2,973 

2,973 

1. 

8,392 

8,392 

5,075 

5,075 

2. 

2,583 

2,583 

8,121 

8,907 

1  3- 

6,726 

6,724 

5,472 

8,121 

■  4. 

6,873 

6,873 

3,603 

7,507 

'  5. 

5,454 

5,454 

3,695 

9,004 

6. 

3,513 

3,513 

2,681 

3,046 

7. 

6,267 

6,967 

2,851 

10,243 

8. 

6,289 

6,289 

4,112 

10,732 

9. 

4,392 

4,392 

4,730 

5,472 

10. 

4,758 

4,758 

Unit 

No. 

_3 

Unit  No.  4 

11 

#_ 

2  or  better 

#  2 

#  2  or  better 

7,366 

5.272 

1. 

4,889 

4,889 

8,980 

3,387 

2. 

3,900 

3,900 

5,722 

3,162 

3. 

4,696 

4,696 

4,625 

7,366 

4. 

2,619 

2,619 

5,714 

9,156 

5. 

7,301 

7,301 

8,855 

4,849 

6. 

2,493 

2,493 

3,800 

4,659 

7. 

3,567 

3,567 

7,467 

10,983 

8. 

4,937 

4,937 

11,475 

3,574 

9. 

5,585 

5,585 

7,946 

10,253 

10. 

1,684 

1,684 

Unit  No. 

5 

Unit  No.  6 

11 

t 

2  or  better 

11 

#  2  or  better 

4.099 

5.419 

1. 

2,013 

2,013 

3,106 

4,099 

2. 

3,985 

3,985 

5,765 

3,106 

3. 

3,728 

3,728 

3,705 

5,765 

4. 

10,194 

10,194 

4,537 

11,178 

5. 

12,661 

12,661 

5,291 

3,705 

6. 

12,568 

12,568 

5,431 

4,537 

7. 

11,097 

11,097 

10,042 

10,046 

8. 

8,975 

8,975 

5,835 

7,325 

9. 

2,478 

2,478 

3,773 

11,263 

10 

6,067 

6,067 
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TABLE  A- 7: 

WWPA  DATA  2  in 

.  x  8  in 

.  DOUGLAS  FIR-LARCH 

(contd) 

MODULUS  OF  RUPTURE  — 

19%  Mc  (in 

psi ) 

Uni  t 

No.  7 

Uni  t 

No.  8 

LI 

i  2  or  better 

£2 

i 

2  or  better 

1. 

3,929 

3,929 

1. 

4,924 

4,924 

2. 

3,918 

3,918 

2. 

4,602 

4,602 

3. 

6,326 

3,434 

3. 

2,870 

2,870 

4. 

4,872 

7,269 

4. 

6,242 

6,942 

5. 

4,638 

7,759 

5. 

5,854 

5,854 

6. 

2,939 

6,326 

6. 

5,807 

5,807 

7. 

2,512 

4,872 

7. 

9,253 

9,253 

8. 

2,044 

3,542 

8. 

6,058 

6,058 

9. 

3,588 

5,310 

9. 

3,791 

3,791 

10. 

3,000 

4,538 

10. 

3,588 

3,588 

Unit 

No.  9 

Unit 

No.  10 

#  2 

#  2  or  better 

£2 

# 

2  or  better 

1. 

4,462 

4,827 

1. 

3,432 

3,432 

2. 

6,556 

4,462 

2. 

4,727 

4,727 

3. 

4,602 

6,656 

3. 

9,385 

9,385 

4. 

7,067 

6,958 

4. 

6,452 

6,452 

5. 

6,237 

4,602 

5. 

9,061 

9,061 

6. 

2,354 

4,789 

6. 

3,286 

3,286 

7. 

1,934 

7,067 

7. 

3,653 

3,653 

8. 

5,570 

6,494 

8. 

3,982 

3,982 

9. 

6,483 

4,914 

9. 

4,310 

4,310 

10. 

4,899 

6,287 

10. 

5,109 

5,109 

Unit 

No.  11 

Unit  1 

No.  12 

#  2 

#  2  or  better 

11 

£ 

2  or  better 

1. 

4,702 

6,011 

1. 

2,285 

2,285 

2. 

8,443 

4,924 

2. 

3,705 

3,705 

3. 

9,981 

4,702 

3. 

4,368 

4,368 

4. 

7,903 

5,927 

4. 

5,585 

5,585 

5. 

9,220 

8,443 

5. 

8,011 

8,011 

6. 

4,384 

9,981 

6. 

9,501 

9,501 

7. 

2,808 

9,308 

7. 

7,579 

7,579 

8. 

6,505 

7,903 

8. 

5,181 

5,181 

9. 

4,412 

8,752 

9. 

6,725 

6,725 

10. 

4,555 

7,909 

10. 

2,965 

2,265 
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TABLE 

A-8: 

WWPA  DATA  2  in 

.  x  4  in. 

DOUGLAS  FIR- LARCH 

MODULUS  OF  RUPTURE  —  19 

%  Mc  (in 

psi ) 

Unit 

.  No.  1 

UnitNo.2 

#_2 

#  2  or  better 

#_  2 

#  2  or  better 

1. 

2,117 

2,117 

1. 

6,791 

6,791 

2. 

6,393 

6,393 

2. 

9,424 

9,424 

3. 

6,580 

6,580 

3. 

7,123 

7,123 

4. 

4,148 

4,148 

4. 

5,280 

5,280 

5. 

7,671 

7,671 

1  5. 

6,902 

6,902 

6. 

9,012 

9,012 

!  6 . 

6,705 

6,705 

7. 

7,171 

7,171 

!  7. 

7,625 

7,625 

8. 

8,708 

8,708 

8. 

6,330 

6,33C 

9. 

9,355 

9,355 

i  9. 

2,931 

2,931 

10. 

8,732 

8,732 

|  10. 

1 

1 

1 

7,967 

7,967 

Unit 

_No1_l 

! 

Unit  No.  4 

LA 

#  2  or  better 

LA 

#  2  or  better 

1. 

3,392 

3,392 

i. 

7,092 

7,092 

2. 

6,601 

6,601 

2. 

5,452 

5,452 

3. 

5,867 

5,867 

3. 

2,636 

2,636 

4. 

4,086 

4,086 

4. 

6,190 

6,190 

5. 

4,615 

4,615 

5. 

5,012 

5,012 

6. 

4,014 

4,014 

6. 

5,971 

5,971 

7. 

4,462 

4,462 

7. 

4,169 

4,169 

8. 

3,904 

3,904 

1  8. 

6,845 

6,845 

9. 

3,793 

3,793 

9. 

7,334 

7,334 

10. 

6,961 

6,961 

i 

10. 

1 

5,932 

5,932 

Unit 

! 

! 

No.  5 

i 

| 

Unit  No.  6 

LA 

#  2  or  better 

#  2 

#  2  or  better 

1. 

3,915 

3,915 

1. 

5,448 

5,448 

2. 

4,265 

4,265 

2. 

4,859 

4,859 

3. 

5,007 

5,007 

3. 

3,820 

3,820 

4. 

4,400 

4,400 

4. 

4,522 

4,522 

5. 

4,026 

6,287 

5. 

4,003 

4,003 

6. 

4,949 

4,026 

6. 

3,891 

3,891 

7. 

7,768 

4,949 

7. 

5,684 

5,684 

8. 

5,706 

7,768 

8. 

7,110 

7,110 

9. 

7,829 

5,706 

9. 

6,393 

6,393 

10. 

5,179 

7,829 

10. 

6,611 

6,611 
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TABLE  A- 8:  WWPA  DATA  2  In.  x  4  in.  DOUGLAS  FIR- LARCH 
( contd )  MooulUS  OF  RUPTURE  —  19%  Mc  (in  psi ) 


Unit  No.  7 

Unit  No.  8 

#  2 

#  2  or  better 

#_2 

#  2  or  better 

1. 

3,899 

3,899 

1. 

2,466 

2,466 

2. 

5,040 

5,040 

2. 

4,810 

4,810 

3. 

3,831 

3,831 

3. 

4,942 

4,942 

4. 

3,965 

3,965 

4. 

4,100 

4,100 

5. 

3,926 

3,926 

5. 

3,869 

3,869 

6. 

5,459 

5,459 

6. 

6,061 

6,061 

7. 

5,112 

5,112 

7. 

6,103 

6,103 

8. 

5,044 

5,044 

8. 

5,397 

5,397 

9. 

4,287 

4,287 

9. 

5,202 

5,202 

10. 

6,611 

6,611 

10. 

3,829 

3,829 

Unit  No.  9 

Unit  No.  10 

LI 

#  2  or  better 

#  2 

#  2  or  better 

1. 

7,252 

7,252 

1. 

4,536 

4,536 

2. 

5,632 

5,632 

2. 

6,226 

6,226 

3. 

6,097 

6,097 

3. 

5,539 

5,539 

4. 

5,542 

5,542 

4. 

8,921 

8,921 

5. 

3,377 

3,377 

5. 

5,883 

5,883 

6. 

6,084 

6,084 

6. 

5,818 

5,818 

7. 

9,030 

9,030 

7. 

6,283 

6,283 

8. 

6,802 

6,802 

8. 

5,614 

5,614 

9. 

7,365 

7,365 

9. 

5,423 

5,423 

10. 

8,054 

8,054 

10. 

4,498 

4,498 

Unit  No.  11 

Unit  No.  12 

#  2 

#  2  or  better 

#  2 

#  2  or  better 

1. 

8,285 

8,285 

1. 

7,636 

7,636 

2. 

7,101 

7,101 

2. 

8,587 

8,587 

3. 

5,986 

5,986 

3. 

5,406 

5,406 

4. 

8,515 

8,515 

4. 

4,351 

4,351 

5. 

4,430 

4,430 

5. 

3,831 

3,831 

6. 

6,909 

6,909 

6. 

2,959 

2,959 

7. 

7,196 

7,196 

7. 

3,464 

3,464 

8. 

6,084 

6,084 

8. 

3,735 

3,735 

9. 

5,307 

5,307 

9. 

8,528 

8,528 

10. 

7,238 

7,238 

10. 

5,098 

5,098 
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Fig.  A-5.  Modulus  of  Rupture  vs  Cumulative  Probability  for  Douglas  Fir-Larch  No.  2,  2x8  Timbers  (DL08N2) . 


Fig.  A-6.  Modulus  of  Rupture  vs  Cumulative  Probability  for  Douglas  Fir-Larch  No.  2  or  Better, 
2x8  Timbers  (DL08N2+). 


Modulus  of  Rupture  vs  Cumulative  Probability  for  Douqlas  I ir-l  «irch  Ho.  /  .md  Hotter,  Px 4  Timbers 
( DL04N2 ) . 


SUMMARY  OF  WWPA  DATA 


Colorado  State  University  Data 

This  section  summarizes  the  data  from  the  research  efforts  carried 
out  by  Colorado  State  University,  Ref.  3  (partly  in  cooperation  with 
Oregon  State  University),  on  the  bending  properties  of  Douglas  Fir-Larch 
and  Hem-Fir  dimension  lumber.  Over  2,700  pieces  of  dimension  lumber  were 
sampled  by  WWPA  inspectors  from  various  geographical  regions.  The  overall 
study  comprised  two  phases. 

The  first  phase  of  the  study  involved  the  evaluation  of  1,800  pieces 
of  lumber  representing  three  grades,  three  sizes,  and  two  species  groups. 
Since  some  inconsistencies  were  discovered  in  the  sampling  technique  em¬ 
ployed,  the  second  phase  of  the  study  was  initiated,  which  was  designed 
to  evaluate  the  significance  of  the  effects  that  the  modified  sampling 
procedure  and  larger  sample  size  had  on  the  obtained  results.  In  the  sec¬ 
ond  phase,  only  Douglas  Fir-Larch  No.  2  grade  lumber,  represented  by  three 
sizes,  was  evaluated.  Further,  to  insure  more  reliable  results,  larger 
sample  sizes  were  chosen.  The  samples  were  equally  divided  into  two  groups 
with  one  half  being  tested  at  Oregon  State  University  (OSU)  and  the  other 
half  at  Colorado  State  University  (CSU).  This  latter  arrangement  was 
chosen  to  ensure  independent  test  results  and  to  reduce  the  possibility 
of  calibration  errors. 

The  report  also  discussed  the  first  phase  and  second  phase  separately 
and  the  data  reflect  the  phases  separately.  CSU  fitted  the  data  with  a 
Weibull  distribution.  Table  A-10  shows  the  basic  Weibull  parameter  from 
Ref.  3,  as  well  as  normal  and  log-normal  parameters  for  the  various  species 
grades,  and  sizes.  Log-normal  plots  of  all  the  data  are  shown  in  Figures 
A-8  through  A- 16. 


TABLE  A-10:  SUMMARY  OF  COLORADO  STATE  DATA 


TABLE  A- 10:  SUMMARY  OF  COLORADO  STATE  DATA 
(Contd) 
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Plots  of  Modulus  of  Rupture  vs  Cumulative  Probability  for  Hem-Fir  Lumber 
Structural,  2x4;  No.  1,  2x8  and  2x12. 


Fig.  A-9.  Plots  of  Modulus  of  Rupture  vs  Cumulative  Probability  for  Douglas  Fir-Larch  No. 
for  2x4,  2x8,  and  2x12. 


Plots  of  Modulus  of  Rupture  vs  Cumulative  Probability  for  Douglas  Fir-Larch  No. 
for  2x4,  2x8,  and  2x12. 


Plots  of  Modulus  of  Rupture  vs  Cumulative  Probability  for  Hem-Fir:  Stud  Grade,  2x4; 
No.  3,  2x8  and  2x12. 


of  Modulus  of  Rupture  vs  Cumulative  Probability  for  Hem-Fir  No.  2  or  Better  for 
2x8,  and  2x12. 


Plots  of  Modulus  of  Rupture  vs  Cumulative  Probability  for  Douglas  Fir-Larch  No.  2  or  Better 
for  2x4,  2x8,  and  2x12. 


jmulative  Probability  for  Douglas  Fir-Larch  No.  2  or  Better 
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APPENDIX  8 
Small-Scale  Drop  Test  Program 


SMALL-SCALE  DROP  TEST  PROGRAM 


One  of  the  objectives  of  this  year's  program  was  to  investigate  the 
feasibility  of  specifically  designing  drop  tests  for  dynamically  testing 
to  failure  full-scale  concrete  and  wood  systems.  Prior  to  a  full-scale 
test,  a  program  of  small-scale  drop  tests  was  conducted  on  a  7-ft  long, 
simply  supported  aluminum  channel  in  order  to  provide  an  inexpensive  means 
of  correlating  experimental  test  data  with  predicted  dynamic  beam  re¬ 
sponse.  The  experience  gained  in  being  able  to  accurately  predict  the 
dynamic  response  of  this  relatively  simple  case  can  then  be  used  to  predict 
the  response  of  more  complex  loading  arrangements  and  structural  systems 
made  up  of  other  materials;  i.e.,  the  full-scale  concrete  wall  and  wood 
floor  drop  tests. 

Derivation  of  Drop  Test  Formulas* 

The  drop  test  can  be  considered  as  going  through  three  distinct  phases 
of  energy  transformation  from  the  time  the  weight  is  released  until  the 
time  the  beam  reaches  its  maximum  deflected  shape.  These  phases  are: 

Phase  I  (free  fall)  — This  involves  the  loss  of  potential  energy 
and  gain  of  kinetic  energy  as  the  drop  weight  falls  from  its  height  of 
drop  to  the  top  of  the  beam  (Position  (a)—^ Position  (b),  see  Figure  B-l). 

Phase  II  (impact)  —  In  this  phase  the  drop  weight  Impacts  with  the 
beam  and  transfers  a  portion  of  Its  momentum  to  the  beam,  resulting  In 
the  beam's  deflecting  downward  in  Phase  III. 

Phase  III —  The  kinetic  and  potential  energy  after  impact  are  con¬ 
verted  Into  strain  energy  as  the  beam  deflects  to  its  maximum  deflected 
shape. 

*  The  symbols  used  in  this  discussion  are  defined  in  Table  B-l. 


TABLE  8-1 :  DEFINITIONS  OF  TERMS 


Symbol  Definition 

E  Modulus  of  elasticity  (psi) 

I  Moment  of  inertia  about  the  weak  axis 

y  of  a  section  (in. u ) 


k  Beam  spring  constant  (lb/in.) 

Drop  height  (in. ) 

KE  Kinetic  energy  1/2  mv2  (lb-in. ) 


g  Acceleration  of  gravity  (in. /sec2) 

PE  Potential  energy  (lb-in.) 


SE  Strain  energy  (lb-in.) 

vj  2  3  Velocity  (in. /sec) 

»  » 

Drop  weight  (lb) 

W$  Equivalent  static  beam  weight  (lb) 

includes:  a)  Steel  &  's  placed  at  midspan 
b)  Half  of  beam  dead  weight 

<P  Coefficient  of  momentum  transfer 


EE  fS)  ($)(?)  (?)  energy  in  system  at  positionO 

'■Qs  includes  the  total  summation  of  the 
kinetic,  potential,  and  strain  (dis¬ 
tortion)  energies  (lb-in.) 


6  Spring  deflection 

Py  Load  in  spring  at  which  yielding  occurs 

P$  Load  in  spring 


B-2 


In  Phase  I,  energy  must  be  conserved  as  the  drop  weight  falls.  In 
other  words,  the  total  energy  of  the  system  in  Position  (A)  must  equal  the 
total  energy  in  the  system  when  the  drop  weight  falls  to  Position  (§). 
(EE-.  =  EE._  ).  See  Figure  B-l. 


PC&\T\0N  |TIC>N 


Fig.  B-i.  Phase  I  Conservation  of  Energy  (Free  Fall) 

EE©  =  Wdhd  +  +  (l/2)(Ws2/k) 

EPE@  EKE®  ESE® 

=  +  u/z)(Hd/g)(^2gfi')-'-  +  (i/2)(ws2/k) 

EPE®  EKE®  DSE® 

and  EE^  =  H  ^  (Energy  is  conserved). 
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In  Phase  II  it  has  been  found  experimentally  that  the  momentum  before 
impact  is  related  to  the  momentum  after  impact  by  Equation  1: 


(Wd/g)v2  =  [<Wd  +  Ws)/g]v3  +  losses 


(Eq  1) 


The  momentum  lost  is  equal  to 


(1  -  ^)<Wd/g)  v2 


The  resulting  momentum  transfer  equation  is: 


4-Wdv2  =  C(Wd  +  Ws)/g]  v3 


I  Eq  2) 


Solving  for  the  velocity  of  the  drop  weight  and  beam  after  impact  yields 
Equation  3: 


v 3  =  UWd  /  2  g  hd)/(Wd  +  W$) 


The  total  energy  in  the  system  after  impact  is  EE 


(Eq  3) 


EE@  =  _0_+  [1/2][(W$  +  Wd)/g][(^/2^hdWd)/(Ws  +  Wd)]2  +  M^/2  k 


which  simplifies  to  Equation  4: 


EV  ("«2*2  hd)/(“s  *“d»  +“s2/2k 


(Eq  4) 


The  energy  lost  in  impact  by  going  from  Position  (§)  to  Position  (t) 


is  EElost  (see  Figure  B-2). 


EElosts[(1-*2»W/(”dt“s) 


(Eq  5) 
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Fia.  B-2.  Phase  II  Conservation  of  Momentum  (Impact) 

In  Phase  III,  energy  must  be  conserved  as  the  kinetic  and  potential 
energy  of  the  system  at  Position  (C)  are  transformed  into  strain  energy 
when  the  beam  reaches  its  maximum  deflected  shape  at  Position  (d)  (see 
Figure  B-3).  The  total  energy  in  the  system  at  Position  (D)  is: 

rE@=  0  +  0  +  Cl/2][(Ws/k)  +  yHk] 

Since  total  energy  is  conserved  in  going  from  Position  ©-*-  Position  Q), 

EE©=  DE© 

This  results  in  Equation  6: 

(k/2)  y  ?  -  Wdy  -  [(^  Wd?  hd)/(Ws  +  Vlj]  =  0  (Eq  6 
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Fig.  B-3 .  Phase  III  Conservation  of  Energy 

In  summary,  it  should  be  noted  that  the  energy  lost*  in  the  system 
during  impact  is: 

“lost  =  [(1  -*:')“d2hd]  *  V 

In  this  equation  4>,  the  momentum  transfer  coefficient,  is  a  constant  for 
any  two  impacting  materials  and  i'/2  is  the  measure  of  energy  transferred. 
For  the  load  cases  I,  II,  and  III,  was  found  to  be  }  =  0.510,  which 
allows  only  26%  of  the  drop  energy  to  be  transferred  into  strain  energy. 
(02  x  100  =  26%);  i.e.,  work  done  in  bending  the  beam. 


*  Energy  is  neither  created  nor  destroyed;  the  total  energy  of  a  system 
remains  constant.  The  lost  kinetic  energy  is  converted  to  other  forms, 
such  as  thermal  energy  (heat),  sound,  work  done  distorting  the  bodies. 
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Test  Arrangement 


The  drop  test  consisted  of  dropping  a  75-lb  steel  drop  weight  from 
various  heights  onto  a  7-ft  long  aluminum  channel,  simply  supported  at 
its  ends.  The  deflection  of  the  beam  at  midsoan  was  monitored 
using  a  linear  variable  displacement  transducer  (LVDT)  and  a  visicorder. 

This  produced  a  time  vs  displacement  record  for  each  test. 

In  addition  to  varying  the  drop  height,  steel  plates  were  placed  at 
midspan  to  provide  a  check  on  the  kinetic  energy  lost  in  the  system  for 
various  loads  on  the  beam.  The  dead  loads  provide  a  convenient  means  of 
grouping  these  tests,  which  are  broken  into  load  cases. 

Load  Case  I  -  An  equivalent  dead  load  of  26  lb  was  concentrated 
at  midspan  (Figure  B-4). 

Load  Case  II  ~  An  equivalent  dead  load  of  111  lb  was  concentrated 
at  midspan  (Figure  B-5). 

Load  Case  III —  An  equivalent  dead  load  of  148  lb  was  concentrated 
at  midspan  (Figure  B-5). 

The  mathematical  models  for  each  of  these  load  cases  is  shown  in  Figure  B-6. 
Test  Procedure 

The  basic  test  procedure  used  was  to  place  the  static  load  at  midspan, 
raise  the  drop  weight  to  the  desired  height,  and  suddenly  release  it  using 
an  automatic  release  lifting  hook.  The  time  vs  deflection  and  time  vs 
left  reaction  were  recorded  for  the  first  few  cycles.  In  addition  to  the 
time  vs  deflection/load  plots,  an  accelerometer  was  placed  under  the  beam 
at  midspan;  for  load  cases  I  and  II  the  75-lb  drop  weight  was  also  placed 
on  the  beam,  and  a  hammer  was  used  to  impart  an  initial  shock  into  the 
system.  The  resulting  plot  of  time  vs  acceleration  provided  an  excellent 
method  for  predicting  the  natural  period  of  vibration  and  natural  circular 
frequency  of  the  system. 
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Test  Results 


The  time  vs  deflection  plots  for  load  cases  I,  II,  and  III  are  shown 

in  Figure  B-7.  The  peak  deflection  for  the  first  cycle  is  summarized  in 

Table  B-2.  Table  B-2  also  compares  experimental  peak  deflection  with 

theoretical  and  summarizes  experimental  natural  circular  frequency  (u^) 

with  theoretical  w..  None  of  the  test  results  exceeds  the  theoretical 
d 

peak  deflection  bv  more  than  ”4%,  which  is  a  very  good  correlation  be¬ 
tween  theoretical  and  experimental  results.  The  predicted  natural  cir¬ 
cular  frequencies  also  compare  quite  well  with  experimental  values  ob¬ 
tained  with  the  accelerometer.  In  addition  to  the  natural  circular  fre¬ 
quency,  the  percentage  of  critical  dampening  was  also  examined  for  load 
cases  I  and  II,  and  was  found  to  be  about  1%  of  the  natural  circular  fre¬ 
quency.  It  should  be  noted  that  for  the  materials  used  in  this  test 

(i.e.,  ip  =  0.510)  only  26%  of  the  total  drop  energy  was  transferred  into 
work  done  in  deflecting  the  beam  (i.e.,  strain  energy);  the  other  74%  was 
converted  at  impact  into  heat,  sound,  distortion  of  the  bodies,  etc. 

Discussion  of  the  Results 

To  aid  in  the  understanding  of  terms  used  in  the  drop  equation,  let 

us  examine  a  load  vs  deflection  graph  (see  Figure  B-9)  for  load  case  II, 

test  No.  6.  The  area  under  the  load-deflection  line  represents  the  total 
strain  energy  in  the  beam  at  maximum  deflection  for  drop  test  No.  6. 

This  large  triangular  -  shaped  area  has  been  further  divided  into  three 
smaller  areas: 

Area  1  represents  the  strain  energy  in  the  beam  when  the  dead 
load  (PpL  =111  lb)  is  placed  on  the  beam. 

Area  2  represents  the  strain  energy  in  the  beam  that  occurs  as 
the  beam  loses  potential  energy  as  it  deflects  from  its 
dead  load  position  to  its  peak  deflection. 

Area  3  represents  the  strain  energy  in  the  beam  when:  (a)  the 
drop  weight  impacts  with  the  beam;  and  (b)  the  drop 
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Fig.  B-8.  Load  Case  II,  Test  No.  6,  Plot  of  Load  vs  Deflection.  (The  area 
under  the  load-deflection  line  represents  the  total  strain  enerqy 
in  the  beam.)  J 


weight  loses  potential  energy  as  the  beam  deflects  from 
its  dead  load  position  to  its  final  peak  deflection. 

This  knowledge  and  understanding  of  how  a  beam  converts  kinetic  energy 
of  a  dropped  weight  into  strain  energy  produced  through  the  deflection  of 
the  beam  can  now  be  applied  to  evaluate  the  drop  height  necessary  to  just 
cause  a  beam  to  fail.  For  example,  consider  the  idealized  case  of  the 
spring-mass  system  shown  in  Figure  B-9  with  the  accompanying  load  vs  de¬ 
flection  graph.  (This  can  be  obtained  through  loading  another  identical 
spring  statically  to  failure.)  Given  the  conditions  shown  in  the  lower 
portion  of  Figure  B-9,  find  the  height  of  drop  that  will  just  cause  the 
spring  to  fail . 

To  find  the  failure  point  of  the  spring,  the  shaded  area  of  Fig¬ 
ure  B-10  (which  represents  the  available  strain  energy  remaining  in 
the  spring  to  resist  the  fall  weight)  must  be  evaluated.  Equating  this 
to  the  spring's  reserve  potential  and  impact  energy*  imparted  by  the  drop 
weight,  the  drop  height  can  be  solved  for  directly.  The  resulting  ex¬ 
pression  is  shown  below: 

hd  =  [Py-Ws]jy-  [(Py-Ws)/2k]  j  -  Wdyj  x  (W$  +  Wd)/(^  Wd2)  (Eq  7) 
The  only  unknown  in  this  equation  is  hd- 

Conclusions 

The  series  of  small-scale  drop  tests  conducted  here  have  shown  that 
dynamic  beam  response  can  be  very  accurately  predicted  through  use  of  the 
drop  test.  Although  the  experimental  work  done  has  been  limited  to  only 
the  elastic  region  of  the  aluminum  beam  behavior,  the  drop  test  formulas 
can  be  adapted  to  account  for  elasto-plastic  beam  behavior  and  failure 
analysis. 

*  PE  +  Ej  =  [U2Wd2)/(Ws  +  Wd)]  +  Wd  y 
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appendix  c 

Arching  in  Soils 


ARCHING  IN  SOILS 
by 

Kuei-wu  Tsai 


INTRODUCTION 

A  better  understanding  of  the  behavior  of  underground  shelters  under 
blast  loading  can  result  in  safer  and  more  economical  design  and  construc¬ 
tion  of  civil  defense  facilities.  Limited  experiences  (5,  7'  10' 111  *have  indi¬ 
cated  that  the  arching  action  of  soils  under  dynamic  loading  reduces  the 
loading  on  flexible  structures,  although  the  exact  extent  is  at  present 
uncertain.  Despite  the  importance  of  this  problem,  available  theoretical 
and  experimental  knowledge  is  still  in  its  infancy.  A  review  of  theories 
of  soil  arching  under  static  loading  can  provide  essential  information 
and  pavea  way  to  the  understanding  of  this  subject.  Discussions  presented 
in  this  section  are  limited  to  the  arching  in  soils  under  static  loading. 

DEFINITION 

When  a  buried  box  structure  deforms  under  the  weight  of  soil  cover 
and  other  loading  while  the  neighboring  soils  remain  in  place,  as  shown  in 
Fig.  C-l,  the  soil  above  the  yielding  support  moves  downward  and  is  opposed 
by  a  shearing  resistance  within  the  planes  of  contact,  a'e  and  b'f,  be¬ 
tween  the  yielding  and  stationary  masses.  The  shearing  resistance  thus  de¬ 
veloped  tends  to  keep  the  yielding  mass,  a'efb',  in  its  original  position 
and  therefore  reduces  the  pressure  on  the  yielding  box  structure,  a'b'd'c', 
and  increases  the  pressure  on  the  adjoining  stationary  soil.  This  redistri¬ 
bution  of  pressure  is  called  arching  effect,  and  the  soil  is  said  to  arch 
over  the  yielding  part  of  the  support.  This  concept  is  often  employed  in 


*  Numbers  refer  to  publications  listed  in  the  Bibliography. 


surroundings  (because  of  its  own  flexibility  or  that  of  its  foundation), 
the  pressure  trajectory  takes  the  shape  of  an  arch  (in  a  two-dimensional 
problem)  or  a  dome  (in  a  three-dimensional  problem),  transmitting  part 
of  the  load  from  upon  the  structure  to  its  surroundings. 

REVIEW  OF  PREVIOUS  WORKS 

Different  theories  exist  on  the  interaction  between  the  soil  and  an 
underground  structure  for  describing  and  calculating  the  forces  acting  on 
the  structure  and  the  stability  of  the  surrounding  soil.  A  full  spectrum 
of  these  approaches  can  be  found  in  the  "State-of-the-Art"  reports  in  the 
Proceedings  of  the  Symposium  of  Soi 1-Structure  Interaction  * 31 

Previous  studies  on  arching  in  soils  can  be  summarized  in  three  gen¬ 
eral  categories: 

1.  The  shear  plane  method  developed  by  Terzaghi (14 ' 1S) ; 

2.  The  elastic  approaches  used  by  Chel apati (4) and  Finn(S;  and 

o  M  t  .  ..  (7,  10,  11,  12) 

3.  Model  studies 

Terzaghi  performed  experiments  with  a  yielding  trap  door  covered  with 
sand(14).  A  condition  of  shear  failure  was  assumed.  The  method(15)  is  based 
on  the  stability  of  the  soil  mass  bounded  between  the  potential  vertical 
shear  planes  above  the  underground  structures.  These  planes  separate  the 
soil  mass  settling  with  the  structure  from  the  surrounding  soil.  The  anal¬ 
ysis  involves  studying  the  equilibrium  of  a  horizontal  element  of  a  soil 
mass  similar  to  the  investigation  of  a  fill  element  in  a  grain  storage  bin. 
The  solution  of  the  resulting  differential  equation  has  the  form  of  an  ex¬ 
ponential  function  that  describes  the  stress  distribution  and  the  shear 
forces  in  the  potential  failure  planes.  Most  of  the  analyses  presented 
in  the  Symposium(3)  are  based  on  this  shear  plane  assumption.  The  main 
disadvantages  of  this  approach  are  that  the  correct  shape  of  the  shear 
plane  is  overlooked  and  that  no  stress-strain  relationship  prior  to  failure 
is  known,  so  that  inaccuracies  arise.  From  the  design  standpoint,  its  main 
drawback  is  that  only  the  forces  in  a  state  of  failure  of  the  soil  are 
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studied,  whereas  intermediate  states  may  have  at  least  equally  adverse 
effect  on  the  structure. 

The  second  method  is  based  on  the  theory  of  elasticity.  Chelapati(4) 
and  Finn(5)  and  also  some  others  at  the  Symposium(3)  assumed  the  soil 
around  and  above  the  buried  structure  as  a  semi -inf ini te  medium.  The  weak¬ 
ness  of  this  approach  is  that  ideal  soil  properties  are  needed  and  compli¬ 
cated  computations  are  needed  even  for  simple  cases. 

Between  the  two  approaches  described  above  —  an  oversimplified  one 
and  a  too-idealized  one  —  a  middle  course  was  sought  in  the  form  of  model 
testing (7,  lc*  11'  12) .  McNulty ( 12  performed  tests  on  an  axially  symmetrical 
trapdoor  moving  into  or  away  from  sandy  soils.  Kiger  and  Balsara*1^  11) 
tested  a  reinforced  concrete  box  structure  buried  in  sand.  Getzler  et 
al.<7)  tested  a  rigid  structure  buried  inside  a  uniform  sand  medium.  Cer¬ 
tain  assumptions  were  made  as  to  the  factors  determining  the  mode  of  arch¬ 
ing;  namely,  the  depth  of  the  structure,  its  shape  and  supporting  conditions, 
the  load,  and  changes  in  medium  characteristics.  These  procedures  of  de¬ 
termining  various  relations  and  parameters  of  an  analytical  model  of  arch¬ 
ing  appear  promising. 

THEORY  OF  ARCHING 

In  reference  to  Fig.  C-l,  the  vertical  pressure  acting  of  the  roof,  ab, 
of  the  box  structure  without  deformation  is  equal  to  the  soil  weight  plus 
the  loading  above.  As  the  roof  yields  to  a  new  position,  a'b',  the  verti¬ 
cal  pressure  will  be  reduced  by  an  amount  equal  to  the  vertical  component 
of  the  shearing  resistance  along  the  boundaries  a'e  and  b'f,  and  the  total 
pressure  on  the  adjacent  stationary  soil  increases  by  the  same  amount.  Av¬ 
erage  slope  angle  of  shear  planes  a'e  and  b'f  was  found(15)  to  decrease 
from  almost  90°  for  low  values  of  D/2B  to  values  approaching  45°  +  <t>/2  for 
very  high  values  of  D/2B,  where  $  is  the  angle  of  internal  friction  of  the 
soi  1 . 

The  simplest  approach  is  based  on  the  assumption  that  the  surfaces  of 
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sliding  are  vertical.  In  spite  of  the  errors  introduced  from  this  simpli¬ 
fied  assumption,  the  final  results  are  fairly  compatible  with  the  existing 
experimental  data^15! 

UNIT  LENGTH  OF  SOIL  PRISM 
q  =  SURFACE  LOADING  PER  UNIT  AREA 

y  TOTAL  UNIT  WEIGHT  OF  SOIL 

C  =  COHESION  OF  SOIL 

4>  =  ANGLE  OF  INTERNAL  FRICTION 
OF  SOIL 

a  =  VERTICAL  SOIL  PRESSURE 
v 

ah  =  HORIZONTAL  SOIL  PRESSURE 
=  K-av 

K  =  EMPIRICAL  CONSTANT 

Fig.  C-3  shows  a  section  between  two  assumed  vertical  surfaces  of 
sliding.  The  shear  strength,  s,  of  the  soil  is  the  sum  of  cohesive  and 
frictional  resistances  and  can  be  expressed  as: 

s  =  c  +  otan  <f> 

where  o  is  the  normal  stress  acting  on  the  shear  plane.  The  ratio  between 
the  horizontal  and  the  vertical  pressure  is  equal  to  an  empirical  constant,  K. 

Equilibrium  of  vertical  components  of  all  forces  acting  on  the  slice 
can  be  expressed  by  the  equation 

2Bvdz  =  2B(ctv  +  d a  )  -  2B +  2cdz  +  2Kaydz  tan* 
d0v/dz  =  y  -  c/B  -  K-ov  tan<j>/B 


Fig.  C-3.  Static  Arching 


or 


and 


o  =  q,  for  z  =  0 
v  M 

Solution  of  the  equations  above  is: 

ay  =  aB(  y  -  c/B)  +  bq  (Eq  1) 

where  a  =  (1/K  tan <j>)  ( 1  -  e  Kn  tan<l1  ) 

-Kn  tan  4 

b  =  e 
n  =  z/B 

For  cohesive  soils  where  =  0,  Equation  1  is  changed  to 

ov  =  z(y  -  c/b)  +  q  (Eq  2) 

and  the  arching  effect  disappears. 

For  sandy  soils  without  cohesion.  Equation  1  can  be  rewritten  as 

=  a*B*y  +  bq  (Eq  3) 

The  two  terms  in  this  equation  represent  the  effects  on  vertical  stress  due 
due  to  the  weight  of  soil  cover  and  the  surface  loading,  respectively. 
Numerical  values  of  a  and  b  for  K  =  1  and  =  30°  and  40°  are  shown 

in  Fig.  C-4. 

Arching  effect  can  be  quantitatively  expressed  in  average  pressure 
relieved  from  the  buried  structure  (or  transmitted  to  the  surroundings; 
as  a  percentage  of  the  load  above.  Fig.  C-5  indicates  that  the  laboratory 
data  obtained  by  Getzler,  et  al.<7>  are  in  reasonable  agreement  with 
theoretical  values  calculated  from  Equation  3. 

For  a  box  structure  with  a  width  of  4  feet  and  various  amounts  of 
sand  cover,  vertical  pressure  acting  on  the  roof  of  the  box  structure  and 
arching  effect  are  shown  in  Fig.  C-6. 
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Fig.  C-5.  Arching  vs  Depth. 
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Fig.  C-6.  Vertical  Pressure  and  Arching  vs  Depth  of  Cover 
ori  a  Box  Structure  4  ft  in  Width. 
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( 14) 

Experimental  data  related  to  the  state  of  stress  in  the  sand  indi¬ 
cate  that  the  value  of  K  increases  from  about  1  immediately  above  the  yield¬ 
ing  roof,  a'b‘,(Fig.  C-l)  to  a  maximum  of  about  1.5  at  an  elevation  of 
approximately  2B  above  the  roof.  At  elevations  of  more  than  about  5B  above 
the  roof,  the  yielding  seems  to  have  no  effect  on  the  state  of  stress  in 
the  sand.  It  is  therefore  reasonable  to  assume  that  the  upper  part  of  the 
soil  prism  acts  like  a  surcharge  on  the  lower  part,  and  the  vertical  pres¬ 
sure  can  be  deduced  from  Equation  3  and  rewritten  as 

=  a2Br  +  b2(q  +  ynjB)  (Eq  4) 

where  a2  =  ( 1/K  tan  4> ) 1 1  -  e-Kn2  tan  <*>) 

b2  =  e-Kn2  tan  * 

ni  =  2] /B 
n2  =  22/B 

where  Z\  and  z2  are  shown  in  Fig.  C-l. 

DISCUSSION 

The  simple  theory  based  on  the  shear  plane  method  pioneered  by  Terzaghi 
provides  a  reasonable  estimate  of  arching  effect  on  the  underground  struc¬ 
ture.  The  equations  presented  in  the  preceding  paragraphs  indicate  that: 

1.  Arching  effect  does  not  exist  in  cohesive  soils  where 
<t>  angle  is  zero. 

2.  The  amount  of  arching  due  to  the  weight  of  soil  cover  in¬ 
creases  with  the  depth  of  structure,  but  tends  to  approach 
a  limiting  value. 

3.  The  amount  of  arching  due  to  the  external  load  decreases 
with  the  depth  of  structure. 


As  discussed  previously  regarding  the  drawback  of  the  theory,  additional 
improvements  are  needed.  Some  of  these  possible  improvements  are  briefly 
discussed  in  the  subsequent  paragraphs. 

Deformation  of  the  Structure 

Stress-strain  relationship  and  displacement  along  the  assumed  failure 
plane,  such  as  those  shown  in  Figs.  C-7  and  C-8,  should  be  considered. 

Fig.  C-7  represents  a  simpl i fied  relationship  of  shearing  stress  vs  displace¬ 
ment  on  the  slip  surfaces.  Fig.  C-8  assumes  that  the  displacement  decreases 
with  distance  from  the  yielding  surface  according  to  a  prescribed  function. 
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Fi9-  c-7  .  Simplified  Relation  of  Shear  Stress  vs  Displacement. 


Fig.  C-8. 


Assumed  Variation  of  Displacement  and  Shearing  Stress 
With  Depth. 

C-ll 


Fig.  C-l  shows  schematically  a  box  with  a  deflected  roof.  The  actual 
displacement  of  the  roof  surface  is  not  uniform,  but  usually  approximated 
by  a  uniform  value  in  practical  applications.  However,  actual  displace¬ 
ments  of  the  continuous  structure,  as  shown  in  Fig.  C-9,  will  be  helpful 
in  estimating  the  pressure  redistribution  due  to  arching  phenomenon. 
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Fig.  C-9  .  Underground  Continuous  Structure. 


Rigidity  of  the  Structure 

The  amount  of  arching  is  a  function  of  the  amount  of  displacement  of 
the  part  of  the  structure  on  which  the  pressure  acts.  If  this  displacement 
is  small,  the  arching  is  negligible.  The  amount  of  displacement  in  the 
roof  is  governed,  in  part,  by  the  rigidity  of  the  structure.  For  a  very 
thick  and  rigid  reinforced  concrete  slab,  which  cannot  deflect  very  much 
before  it  yields  and  crushes,  the  amount  of  arching  will  be  much  less  than 
those  we  can  get  on  weaker  structures. 


Riqiditv  of  the  Supporting  Soils 


Fig.  C-2  indicates  that  the  amount  of  arching  depends  on  the  relative 
rigidity  of  the  box  structure,  the  supporting  foundation,  and  the  abutment 


In  summary,  the  arching  in  soils  above  an  underground  structure  is 
a  complicated  phenomenon  and  requires  an  analyti cal -empi ri cal  solution. 
Experimentally  obtained  parameters  should  be  used  in  establishing  an  ana¬ 
lytical  model  for  the  design  of  underground  shelters. 
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RESISTANCE  CHARACTERISTICS  OF  EXISTING  SLAB  STRUCTURES 

by 

Theodore  C.  Zsutty 

INTRODUCTION 

The  purpose  of  this  report  is  to  present  what  is  known  about  the 
resistance  and  failure  characteri sti cs  of  reinforced  concrete  slab  struc¬ 
tures,  and  to  propose  methods  by  which  these  structures  may  be  strengthened, 
as  well  as  further  research  requirements  related  to  this  slab  strength  im¬ 
provement. 

The  two  distinct  types  of  slab  systems  covered  in  this  report  are  the 
flat  slab  and  the  two-way  slab.  These  systems  are  illustrated  in  Fig.  D-l. 
The  flat  plate  slab  system,  although  similar  in  many  respects  to  the  flat 
slab,  has  quite  different  design  parameters  and  performance  characteris¬ 
tics,  and  is  not  treated  here.  It  will  be  shown  that  each  of  these  systems 
has  its  own  unique  strength  and  failure  characteristics  for  both  vertical 
floor  loading  and  lateral  loading  of  the  complete  building  structure.  These 
differences  in  performance  characteristics  are  due  not  only  to  the  type  of 
slab  support  configuration,  but  also  to  the  specified  design  procedures 
for  each  type,  as  given  in  reinforced  concrete  building  codes. 

RESISTANCE  AND  FAILURE  CHARACTERISTICS 

The  resistance  and  failure  characteristics  of  the  slab  systems  will 
be  investigated  by  examining  two  possible  behavior  sequences:  first,  the 
behavior  of  the  slab,  assuming  that  the  supporting  elements  and  slab 
boundaries  at  these  supports  do  not  fail,  and  second,  the  support  elements 
and  slab  boundaries  themselves. 
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Slab  Behavior  Under  Conditions  of  Adequate  Boundary  Support 

Fig.  D-2  shows  a  typical  slab  element,  which  may  be  applicable  either 
to  a  flat  slab  system  where  the  element  is  bordered  by  the  column  lines 
or  to  a  two-way  slab  system  where  the  element  is  bordered  by  the  beam  lines. 
The  sequence  of  behavior  under  increasing  levels  of  vertical  load  is  shown 
in  Fig.  D-2: 

a)  A  definite  arching  action  of  the  uncracked  slab  restrained 
by  its  support  elements. 

b)  Development  of  sufficient  flexural  bending  and  twisting  to 
achieve  a  state  of  elastic  plate  behavior. 

c)  Cracking  and  yielding  at  maximum  moment  regions  sufficient 
to  form  a  yield  line  mechanism. 

d)  Further  yielding  and  deformation  such  that  the  reinforce¬ 
ment  develops  a  tensile  membrane  or  net. 

It  has  been  reported  in  tests  and  in  actual  building  demolition  work 
that  the  slab  itself  will  support  almost  any  load,  and  that  failure  occurs 
when  the  slab  separates  from  the  supports,  or  the  supports  fail.  Therefore, 
the  primary  modes  of  failure  are  the  slab  support  boundaries  (in  shear) 
and  the  support  elements  themselves. 

Support  Elements  and  Slab  Boundaries 

Fig.  D-3  shows  the  failure  modes  for  a  fiat  slab  system.  Assuming 
the  flexural  yield  line  behavior  is  included  in  the  slab  element  failure 
modes,  the  critical  failure  mode  is  either  a  symmetrical  punching  shear 
around  the  drop  panel  boundary  as  shown  in  Fig.  3a,  or  eccentric  flexural 
punching  shear  due  to  non-uniform  loading  or  to  non-symmetrical  support 
conditions  as  shown  in  Fig.  3b.  This  eccentric  mode  may  be  due  to  a  moment 
distribution  caused  by  support  failure,  punching  failure  in  an  adjacent 
span,  or  by  lateral  loading  of  the  entire  frame. 
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This  failure  mode  may  occur  whenever  there  is  a  moment  transfer  re¬ 
quirement  at  the  column ,  and  therefore  represents  the  primary  weakness  of 
the  flat  slab  system.  A  general  discussion  relative  to  this  character¬ 
istic  will  be  presented  later. 

Fig.  D-4  shows  the  failure  modes  for  the  two-way  slab  support  system. 
Basically,  these  are  identical  to  the  modes  for  an  ordinary  reinforced 
concrete  frame.  All  of  these  modes  may  be  due  to  excess  vertical  load  or 
to  combinations  of  vertical  and  lateral  loads  on  the  frame  structure. 

SUMMARY 

This  summary  is  presented  in  order  to  provide  the  reader  with  an  over 
all  understanding  of  the  capabilities  and  weaknesses  of  slab  systems.  The 
detailed  discussion  and  justifications  for  conclusions  have  been  taken 
from  the  stated  references* 

Existing  flat  slab  structures,  as  designed  by  stated  code  procedures 
(up  to  1971  AC I  Building  Code),  have  a  safety  factor  of  about  1.7  to  2 
against  failure  (primarily  punching  shear  around  drop  panel)  for  symmet¬ 
rical  and  uniform  (all  panels  loaded)  vertical  loads,  see  Fig.  D-5a  and 
Refs.  1  and  2.  These  structures,  however,  may  have  a  much  lower  margin 
of  safety  if  moment  transfer  is  required  at  column  joints.  Flexural 
punching  shear  can  occur,  due  to  this  moment  transfer  condition,  at  ver¬ 
tical  load  values  significantly  less  than  the  failure  loads  under  symmet¬ 
rical  conditions  (Ref.  3). 


*  In  addition  to  the  papers  cited  in  the  text,  the  following  references 
concerning  slab  and  related  reinforced  concrete  behavior  are  pertinent; 
Refs.  4  and  5  (dynamic  blast  tests);  Refs.  6,  7,  8,  9,  10,  and  11  (punch 
ing  shear  prediction);  Refs.  8  and  12  (slab  analysis  and  beam  frame 
analogy);  and  Refs.  13  and  14  (slab  analysis  with  elastic  supports  — 
basis  for  elastic  strut  action). 


Fig.  D-5.  Failure  Modes  for  Flat  Slab  Structures. 


This  flexural  shear  weakness  may  affect  the  stability  of  the  entire 
structure  since  a  moment  transfer  condition  can  occur  due  to  any  of  the 
following  events: 

•  See  Fig.  D-5b,  non-symmetrical  vertical  load  pattern,  or 
loss  of  flexural  capacity  at  one  local  column  joint.  In 
both  cases,  the  redistributed  moments  create  the  moment 
transfer  requirements  at  adjacent  column  joints  and  a 
possible  subsequent  progressive  collapse  condition  through¬ 
out  the  entire  structural  frame. 

•  See  Fig.  D-5c,  lateral  loads  or  deformations.  These  may 
create  moment  transfer  requirements  at  all  joints,  and 
progressive  collapse  may  occur  if  one  or  more  joints  fail. 

Therefore,  the  primary  function  of  a  strengthening  scheme  for  flat 
slab  systems  is  to  provide  support  at  the  slab/drop  panel  boundaries  where 
potential  flexural  shear  can  occur.  The  scheme  must  also  provide  lateral 
support  so  as  to  protect  the  basic  equivalent  frame  from  moment  transfer 
due  to  lateral  deformation.  As  a  first  step,  it  will  be  assumed  that  the 
structures  (such  a  basements)  are  braced  by  walls  against  lateral  deformation. 

Existing  two-way  slab  structures  have  been  shown,  both  by  tests  and 
by  comparison  of  design  procedures  (with  those  for  flat  slabs),  to  have 
nearly  twice  the  safety  factor  of  flat  slabs  under  symmetrical  vertical 
loadings  (Refs.  1  and  2).  Moreover,  tne  two-way  slab  design  procedures 
in  the  ACI  code  dictate  that  alternate  or  non-symmetrical  vertical  load 
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patterns  be  considered  in  the  evaluation  of  design  stresses.  It  is  sig¬ 
nificant  to  recall  that  this  non- symmetrical  load  condition  is  not  re¬ 
quired  in  flat  slab  design.  The  main  strength  advantage,  however,  is  that 
the  two-way  system  is  free  from  the  flexural -shear  problem  of  flat  slabs. 
The  beam-column  support  system  resists  any  imposed  moment  transfer  con¬ 
ditions.  Failure  mechanisms  are  normally  flexural -shear  failure  of  the 
support  beams,  torsional  shear  failure  of  the  exterior  spandrel  support 
beams,  or  column  failure  due  to  combined  axial  load,  shear,  and  flexure. 
Therefore,  a  primary  function  of  a  strengthening  scheme  for  two-way  slabs 
is  to  provide  support  at  beam  section  subject  to  shear  failure  and  lateral 
bracing  for  control  of  lateral  load  deformation  on  the  frame. 

The  principal  weaknesses  of  the  beam-column  support  frame  of  a  two- 
way  slab  are  caused  by  the  "economical"  code  provisions  for  reinforcing 
steel.  These  provisions,  such  as  the  allowed  cut-off  of  all  negative 
moment  steel  at  the  1/4-span  length  or  the  "non-requirement"  of  stirrups 
when  calculated  shear  stress  is  below  a  given  limit,  are  justified  by  the 
moment  and  shear  diagrams  for  the  design  vertical  load  conditions  on  the 
all -elastic  structure.  However,  no  safety  margin  is  available  if  these 
load  diagrams  change  significantly  due  to  the  redistribution  caused  by 
inelastic  behavior  or  a  failure  at  one  or  more  locations.  Certainly  no 
provision  is  made  (except  in  seismic  zones)  for  lateral  load  effects. 

Any  of  these  conditions,  although  not  included  in  standard  code  design, 
may  cause  radical  changes  in  shear  and  moment  requirements.  Thus,  in  the 
classical,  very  common  economically  designed,  two-way  system  there  are 
potential  weaknesses.  These  weaknesses  are  due  in  part  to  the  absence  of 
adequate  continuous  negative  steel,  and  the  location  of  stirrups  at  pos¬ 
sible  failure  sections,  such  as  section  A-A  in  Fig.  D-6.  It  is  important 
to  recognize  that  the  understandable  quest  for  minimum  cost  and  maximum 
profit  may  generate  these  two  sources  of  weakness  in  the  slab  capacities 
of  existing  structures.  First,  engineering  design  office  economics  dic¬ 
tate  that  standard  (or  empirical  coefficient)  design  for  vertical  loads 
be  used  whenever  possible.  There  are  very  few  cases  where  any  additional 
analysis,  and  therefore  additional  reinforcement,  will  be  added  beyond 
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D-6.  Weakness  of  a  Two-Way  Slab  System. 


the  "code"  requirements.  Thus,  the  resistance  to  non-calculated  lateral 
loads  or  moment  redistribution  will  not  be  present.  Second,  the  economics 
of  construction  related  to  reinforcing  steel  fabrication  (cutting  and 
bending)  dictate  that  the  use  of  bent  or  truss  bars  he  avoided  whenever 
possible  (see  Fig.  0-7).  These  bent  bars  are  difficult  to  fabricate  and 
place  when  compared  with  straight  bars.  Therefore,  the  lines  of  continuous 
reinforcement  as  provided  by  the  bent  truss  bars  will  become  less  in  evi¬ 
dence  with  time  and  increasing  costs.  This  fact  will  be  very  detrimental 
to  the  development  of  slab  membrane  action  that  was  so  evident  in  the 
slab  blast  tests  in  Refs.  4  and  5. 


Fig.  D-7.  Slab  Steel  Cut  vs  Bent  Bars. 
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INVESTIGATION  OF  SHORING  SCHEMES 


This  section  will  discuss  in  some  detail  the  selection  of  the  optimum 
amount  and  the  arrangement  of  shoring  for  flat  slab  and  two-way  slab  sys¬ 
tems.  Whenever  optimization  is  considered,  a  set  of  objectives  and  practi¬ 
cal  restrictions  must  be  defined  and  considered.  The  obvious  objective 
is  to  obtain  as  much  vertical  load  resistance,  along  with  required  energy 
absorption,  as  is  feasible  within  the  restrictions  of  cost,  availability, 
storage,  placement,  and  removal  of  the  shoring  system.  Clearly,  the  maxi¬ 
mum  resistance  would  be  obtained  by  supporting  the  entire  slab  panel  with 
shores;  however,  the  practical  restrictions  of  this  approach  would  be  pro¬ 
hibitive.  At  the  other  extreme,  some  minimal  amount  of  extra  resistance 
could  be  obtained  by  one  single  shore  at  the  panel  center.  With  the  very 
low  negative  moment  resistance  of  this  type  of  system  at  midspan,  as  pre¬ 
viously  discussed,  along  with  vulnerability  to  punching  shear,  this  option 
would  be  very  minimal  at  best.  Accordingly,  it  would  appear  that  there 
should  exist  at  least  one,  and  perhaps  several,  shore  arrangement  schemes 
that  will  provide  the  desired  load  resistance  within  the  desired  parameters 
of  costs,  acquisition,  stockpiling  or  storage,  placement,  and  removal. 

The  basic  problem  is  to  find  this  set  of  optimal  schemes.  Areas  to  be 
investigated  are: 

a)  Shore  Patterns  Within  Slab  Panel; 
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b)  Shore  Support  Conditions. 
^  slab 
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As  a  useful  guide  in  the  determination  of  shoring  patterns,  partic¬ 
ularly  for  the  shore  pattern  study.  Fig.  D-8  is  presented  showing  figures 
from  Ref.  2.  These  illustrations  indicate  definite  yield  line  patterns 
for  both  top  and  bottom  surfaces  of  the  test  slab. 


Shore  Patterns 

The  classic  free  body  diagram  of  a  slab  element  by  Nichol s  (Ref.  1) 
can  serve  as  a  guide  toward  a  rational  method  of  developing  a  shore 
pattern  scheme. 


Mi  +  M2  =  (wL2 )/8 


For  this  interior  symmetrical  slab  element  with  a  shore  located  at  midspan 
between  columns  on  the  column  line,  consider  the  effect  of  the  center 
hinge  at  the  shore  support. 
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M,  +  M2  +  S-L/2  =  (wjL2 )/8 


The  ultimate  load  is  increased  to  wT ,  because  of  the  additional  moment  term 
S-L/2  as  a  result  of  the  shore. 


SHORE  ON 
CENTER  OF 
COLUMN  LIME. 


Shore  Support  Conditions 

One  way  of  shoring  a  slab  is  to  provide  a  tightly  fitted  or  rigid 
support  system  at  the  drop  panel  (for  shear  support)  and  at  the  center 
(for  sag  support).  This  is  the  configuration  employed  for  the  one-way 
panel  test;  and,  as  indicated  by  the  test  results,  it  is  a  relatively 
effective  scheme.  In  concept,  however,  it  has  a  primary  disadvantage  in 
that  it  requires  the  slab  to  resist  negative  bending  moment  at  the  center 
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section  where  there  is  only  bottom  or  positive  moment  reinforcing.  Thus, 
the  tight  or  rigid  shore  system  changes  the  basic  slab  structure  from  a 
long  span  with  fixed  ends  (with  the  resulting  moment  diagram  shown  below) 


Moment  Diagram  —  Unshored 


to  a  two-span  continuous  beam  —  but  with  little  capacity  to  resist  the 
center  support  negative  moment. 


Moment  Diagram  —  Shored 


It  is  possible  that  more  effective  use  (more  resistance  and  energy 
absorbing  capacity)  could  be  obtained  from  the  same  shoring  system  if 
there  were  an  intentional  clearance  between  the  shore  and  the  slab  soffit 
(compatible  with  the  large  deformation  capacity  of  the  slab)  at  the  center 
shore.  The  function  of  the  center  shore  would  then  be  to  control  the  mag¬ 
nitude  of  the  positive  moment  rather  than  create  an  incompatible  negative 
moment  condition. 


Moment  Diaqram  —  With  Clearance  Between  Shore  and  Slab 


In  this  scheme,  the  slab  maintains  the  type  of  moment  diagram  compatible 
with  its  positive  and  negative  reinforcing.  In  a  descriptive  sense,  the 
slab  is  made  to  feel  as  if  it  were  thicker  or  provided  with  more  reinforc¬ 
ing  along  with  the  same  moment  arrangement.  Alternatively,  with  the  rigid 
support,  the  slab  is  changed  into  a  different  structure  with  a  radically 
changed  moment  arrangement. 

The  concept  of  providing  shoring  support  with  controlled  clearance 
for  the  purpose  of  controlling  excess  moment  demand  is  termed  "Stress 
Control . " 

One  disadvantage  of  the  clear  or  cushioned  center  shore  condition  is 
that  more  "yield  hinge"  rotation  will  occur  at  the  drop  panel  supports, 
and  weakness  may  be  experienced  because  of  a  combination  of  high  shear  on 
this  highly  deformed  negative  moment  region.  However,  when  it  is  recog¬ 
nized  that  the  slab  at  the  center  is  vulnerable  to  punching  shear  at  the 
shore  support  (primarily  due  to  the  absence  of  top  steel),  and  that  the 
rigid  center  shore  may  severely  develop  this  punching  condition,  it  may 
be  effectively  argued  that  the  clear  or  cushioned  support  is  advantageous. 


Punching  Shear 

With  a  support  configuration  as  shown  in  the  following  sketch,  load 
values  corresponding  to  flexural  yield  hinge  mechanisms  can  reach  approx¬ 
imately  6  KSF.  With  a  tributary  area  of  about  8  ft  by  6  ft,  this  load 


S 


(288  k)  could  cause  possible  punching  shear  problems. 


For  an  8-inch-by-8-inch  shore  and  6-inch  slab  (d  =  5  in.),  the  shear  stress 
at  d/2  from  shore  perimeter  is 

Vj  =  (288 ,000)/5(8  +  5)4  =  1,108  psi 

This  value  greatly  exceeds  4/f'c  -  253  psi,  even  for  slabs  having  rebars 

on  the  tension  side  of  the  slab. 

A  particular  base  or  cushion  plate  provision  may  be  required  to 
prevent  support  shores  from  punching  through  a  floor  slab  or  a  slab  on 
grade. 
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Strengths  may  be  predicted  by  the  equations  in  the  ACI  code,  by  the  re¬ 
port  equation,  or  by  SP  42-29  in  Ref.  8.  Definite  research  is  required 
for  this  punching  condition  on  soil  supported  slabs. 

RESEARCH  REQUIREMENTS 

It  can  readily  be  seen  that  the  development  of  the  secondary  failure 
mechanisms  in  the  shore-supported  case  involves  high  shears  in  the  flex¬ 
ural  hinge  areas  of  the  slab,  and  that  these  slab  elements  are  rather 
short  and  stocky  between  shores. 

In  addition  to  this  condition  of  high  shear  at  flexural  hinges,  there 
is  the  real  problem  of  differing  amounts  and  positions  of  the  slab  rein¬ 
forcing  steel.  Some  of  the  possible  loads  and  reinforcing  configurations 
are  shown  in  Fig.  D-9.  Also,  thus  far,  nothing  has  been  considered  con¬ 
cerning  the  waffle  or  pan  joist  configurations  of  flat  slab  structures; 
yet  these  are  commmon  floor  systems  with  virtually  no  test  data. 

In  order  to  develop  the  required  information  with  respect  to  the 
strength  behavior  of  reinforced  concrete,  two  areas  should  be  investigated 

1.  Shear  strength  of  beams  and  slabs 

2.  Bond  and  anchorage  effects  on  beam  shear  and  flexure. 

The  work  shown  and  proposed  in  the  following  studies  is  intended  to 
obtain  the  necessary  shear  resistance  information.  The  basic  research 
technique  is  to  formulate  a  practical  statistical  model,  and  then  fit  this 
model  to  the  most  applicable  test  data.  No  new  testing  is  involved,  and 
the  key  to  success  will  be  to  find  and  segregate  available  data  that  best 
represent  the  strength  quality  (such  as  punching  shear  in  negative  flex¬ 
ure  hinges). 


1.  DEVELOPMENT  OF  A  BASIC  SHEAR  STRENGTH  PREDICTOR  FROM  THE  MODIFIED 


BASIC  SHEAR  STRENGTH  FORMAT 


Abstract 

Previous  investigations  have  indicated  that  the  basic  format  for 
shear  strength, 

v  =  K  [f 'c ’P- (d/a )] 1/3 

has  the  potential  of  being  modified  to  apply  to  all  forms  of  reinforced 
concrete  beams  under  all  practical  cases  of  loading,  axial  force,  and  pre¬ 
stressing.  The  purpose  of  this  research  is  to  determine  the  respective 
modified  forms  of  the  factors  f1  ,  P,  and  d/a  for  the  general  format  by 
statistical  analysis  of  available  published  test  data. 

Description  of  Research 

In  Ref.  15,  a  basic  shear  strength  equation  is  developed  for  slender 
rectangular  beams  under  concentrated  load. 

v  =  60Cfc-P-(d/a)]V3  (Eq  1) 

In  Ref.  16,  this  equation  is  modified  to  apply  to  short  beams  with  both 
direct  and  indirect  loading,  and  is  shown  to  be  an  excellent  representa¬ 
tion  of  the  concrete  resistance  component,  vc,  for  beams  with  vertical 
stirrups.  The  prediction  capabilities  of  Equation  1  have  been  recognized 
by  Placas  and  Regan  in  Ref. 17  with  respect  to  the  new  British  Code  shear 
provisions,  and  by  the  ACI-ASCE  Committee  426  on  Shear  and  Diagonal  Ten¬ 
sion. 


The  following  results  show  that  the  basic  format  of  Equation  1  has 
the  potential  of  representing  the  general  behavior  of  shear  strength  in 
reinforced  concrete. 
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A.  Rectangular  Beams  With  Distributed  Load.  —  The  d/a  term  in 
Equation  1  represents  the  shear-moment  ratio.  In  beams  with  distributed 
load  this  ratio  may  be  close  to  d/0.22,  with  shear  stress,  v,  evaluated 
at  the  diagonal  crack  near  0.22.  A  statistical  analysis  of  73  beams  pro¬ 
vided 


v  =  44[  f*  •P*(d/0.22)]V3 
c 

with  average  percent  error  Vc  =  9.3°/ 

B.  Tee-Beams  With  Concentrated  Load  (.Also  for  pan  joist  and  waffle 
slab  configurations) 


v 


u 


V  /A 
u'  c 


v  +  rf  <  3  v 
c  y-  c 


where  A  =  b' d  +  4  t2 
c 

v  =  60[  f*  •  (A  /A  )-(d/a)]V3,  for  a/d  >  2.5 

C  CSC 


limitations : 


rf  should  not  exceed  2 v  . 
y  c 


For  slender  (a/d  >  2.5)  beams,  the  results  are  as  shown  in  Table  D-l. 


Using  the  modified  factors  in  metric  units, 

wq  =  (A^/hc) x  100  to  represent  p  in  percent 

a'k  =  concrete  strength  in  kg/cm2  to  represent  f'c  in  psi 
[ ( c  -  r)/2]  /h  =  representation  of  a/d 

Vy/[4h(r  +  h)]  =  representation  of  v^  at  h/2  from  column  face. 

The  modified  shear  strength  predictor  is 

v  =  V  /[4h(r  +  hj]  =  K[o*  •  w  •  2h/(c  -  r)]V3 
u  u  bo 

The  following  plot  (Fig.  0-10)  indicates  good  prediction  capabilities  for 
"slender"  tests  with  a  representation  of  shear  span  given  by: 

(d/a)  =  2h/(c  -  r)  2  0.42  =  1/2.4 

In  further  refinement  and  data  segregation  it  will  be  necessary  to 
sort  out  tests  representing 

1.  Simple  support  conditions  and  degree  of  horizontal  restraint 
at  supports ■ 

2.  Spring  or  approximate  uniform  load  conditions  and  degree 
of  restraint. 

Also,  since  Ref.  8  states  that  the  amount  of  bending  moment  can  signifi¬ 
cantly  affect  punching  shear,  test  data  involving  ranges  of  shear  span, 

(d/a)  ,  or  (Vd/M)  will  be  studied  along  with  appropriate  models, 
m 


D-26 


D  -  2  7 


Fig.  D - 1 0 .  Slab  and  Footing  Shear  Strength. 


2.  BEHAVIOR  OF  DEVELOPMENT  LENGTH  TESTS  WITH  HEAVY  WEB  REINFORCEMENT 


Introduction 

The  observed  bond  strengths  of  development  length  tests  show  consid¬ 
erable  variation  and  therefore  are  difficult  to  predict  in  terms  of  the 
test  beam  properties.  The  object  of  this  research  is  to  determine  partic¬ 
ular  categories  of  these  test  data  within  which  the  strength  behavior  is 
reasonably  consistent  and  predictable.  This  preliminary  report  presents 
one  such  category:  "development  length  tests  with  heavy  web  reinforcement," 
with  the  following  limitations: 


V/bd  >  2/f'  ,  and  Avfy/bs  >  2  /f '  for  heavy  web  reinforcement 

c  j  c 

u  -  d)/db  =  x.’/db  >  20 

c/d.  >  1.5 
b 

The  behavior  of  beam  tests  within  this  category  of  limitations  will 
be  analyzed  after  the  next  section,  which  establishes  the  number  of  bars  N 
as  an  effective  parameter  in  the  prediction  of  development  strength. 
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Number  of  Bars  vs  Bar  Spacing  as  a  Parameter 

Reference:  Untrauer  and  Warren,  "Stress  Development  of  Tension  Steel 
in  Beams,"  AC  I  Journal,  August  1977  (Ref.  18). 

Figure  2  on  page  369  of  this  paper  has  been  modified  to  show  steel 
stress  as  a  function  of  2/N  (  where  N  =  number  of  bars)  instead  of  the 
original  clear  bar  spacing.  The  result  is  that  all  three  original  curves 
for  the  different  beam  widths  can  be  well  represented  by  one  single  curve 
for  steel  stress  as  a  function  of  2/N. 


crn 


Fig.  2 — Steel  stress  versus  clear  bar  spacing 


Therefore,  for  these  development  tests  under  heavy  shear,  and  with 
stirrup  shear  stress  capacity  near  2/f'c,  it  appears  that  the  number  of 
bars  N  is  the  more  significant  parameter  in  the  prediction  of  development 
strength  rather  than  clear  bar  spacing. 

Behavior  of  Category  Test  Data 

Available  test  beams  qualifying  for  the  defined  category  were  found 
in  Untrauer  and  Warren  (Ref.  18)  and  in  Ferguson  and  Thompson,  "Develop¬ 
ment  Length  of  High  Strength  Reinforcing  Bars  in  Bond"  (Refs.  19  and  20). 
The  selected  data  were:  from  Ref.  19  —  Beam  B-49  (beam  width  b  *  18  in. 
and  N  *  2  bars);  from  Ref.  20,  Part  2  Supplement  —  Beams  C-21,  C-26, 
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C-27,  and  C-4  (all  beam  widths  near  24  In.  and  N  ■  2  bars).  These  data 
were  analyzed  by  the  plotting  of  bond  stress  u  *  steel  force/t*£o  versus 
the  parameter 

(2/N)^f^"/  /F7Tb 

The  results  are  as  shown  in  Fig.  D-ll.  There  is  close  correlation  for  all 
these  beams  in  spite  of  the  fact  that  a  wide  range  of  beam  widths  (12  In., 
16  in.,  18  in.,  24  in.)  and  bar  spacing  exists. 

The  limitations  on  the  data  category  are  most  important.  Decreases 
in  test  u  values  of  100  to  200  psi  occur  when  fc'/db  <  20,  c/db  <  1.5, 
or  Ayfy/bs  <  2 

Conclusion.  —  For  the  data  analyzed  in  the  specific  category,  it 
appears  that  the  tension  bar  spacing  is  not  a  directly  correlated  parameter 
with  respect  to  bond  strength.  In  these  beams,  where  the  heavy  web  rein¬ 
forcing  takes  over  a  substantial  amount  of  shear  (and  provides  support  for 
dowel  action)  when  shear  cracking  occurs,  the  essential  parameter  is  the 
number  of  bars  N. 


Effect  of  Multiple  Cut-Off  Bars  on  Shear  Capacity  In  Negative  Moment  Regions 

Considering  either  the  beam  of  a  two-way  slab  system  or  the  negative 
moment  steel  cut-off  region  of  a  flat  slab  system  as  shown: 


vdtfcT /ab/g  i 


In  beams  d  *  L*/10 


£  *  L‘/4  =  2.5 d 
l  -  d  *  1 .5 d 

i  -  d/d^  *  30  to  50 

Bond  stress  in  negative  moment  steel 

u  *  (2/N)(200)^T^“  ✓  db/(n  -  d) 

For  typical  designs  u  =  800/N 

u  relates  to  moment  and  shear  capacity  by 

u  =  T/£Zo  ,  T  =  flexural  tension  in  steel 
M  =  Tjd 
V  «  M /  (L75) 

Therefore,  M  and  V  resistance  is  directly  proportional  to  bond  resistance 
u  =  800/N. 

Important  conclusion  is  that  the  number  of  negative  moment  bars  N 
can  reduce  u. 

u  for  N  *  4  is  1/2 u  value  for  N  *  2. 
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SUMMARY  OF  REQUIRED  RESEARCH 


I.  Shore  Reinforcing  Schemes: 

a)  Shore  pattern  arrangement: 

Refs.  13  and  14  give  techniques  of  treating  ultimate  or 
yield  line  behavior  for  slabs  on  elastic  foundations  (repre¬ 
senting  the  shore  support  effects).  This  may  serve  as  a 
guide  for  analytical  determination  of  shore  patterns. 

b)  Stress  control  by  clearance  or  elastic  cushions* 

c)  Formulation  of  schemes  in  (a)  and  (b)  for  common  slab 
systems  —  two-way  slabs,  flat  slab,  flat  plates,  and  all 
these  systems  with  waffle  and  pan  joist  configurations. 

II.  Empirical  Studies  of  Available  Test  Data: 

a)  Beam  shear  and  flexure  capacity  of  slabs. 

b)  Slab  punching  shear  under  varying  levels  of  negative 
bending  moment,  and  positions  of  slab  steel  and  cut-offs* 

c)  Bond  and  anchorage  capacities 

1)  Pullout  failure  as  It  relates  to  loss  of  membrane 
action  In  the  slab  steel. 

2)  Loss  of  shear  capacity,  particularly  in  beams  of  two-way 
slab  systems. 

II.  Limited  Testing  of  Required  Areas  With  Little  or  No  Data. 
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The  results  of  this  study  are  being  used  In  the  development  The  results  of  this  study  are  being  used  In  the  development 
of  a  shelter  manual  presenting  the  various  upgrading  concepts  In  of  a  shelter  manual  presenting  the  various  upgrading  concepts  in 
an  illustrative  workbook  form  for  use  in  the  field.  an  Illustrative  workbook  form  for  use  in  the  field. 


